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Аннотация. В статье приведены исследования восстановительных процессов в модельных термодинамических системах и процессов 

восстановления никеля из никелевого концентрата и кобальта и никеля из кобальт-никелевого концентрата. Концентраты получены 
при гидрометаллургическом обогащении полиметаллических марганецсодержащих руд Кемеровской обл. – Кузбасса. Методом термо-
динамического моделирования с использованием программного комплекса Терра определено, что никель из оксида можно полностью 
восстановить в системе NiO – C при расходе углерода 0,08 кг/кг NiO и при расходе углерода 0,15 кг/кг NiO в системе NiO – Fe2О3 – C. 
Восстановление кобальта в системе СоО – С начинается при температуре около 513 К при любых расходах углерода. С дальнейшим 
ростом температуры процесс восстановления зависит только от расхода восстановителя. Из полученных данных термодинамического 
моделирования следует, что восстановление кобальта из кобальт-никелевого концентрата начинается при температуре примерно 513 К 

  rybenkoi@mail.ru
Abstract. The article provides studies on reduction processes in model thermodynamic systems and processes of nickel reduction from nickel concentrate 

and cobalt and nickel from cobalt-nickel concentrate. Concentrates are obtained during hydrometallurgical enrichment of polymetallic manganese-
containing ores of the Kemerovo region – Kuzbass. By thermodynamic modeling using TERRA software complex, it was determined that nickel can 
be completely reduced from oxide in the NiO – C system at a carbon consumption of 0.08 kg/kg NiO, and at a carbon consumption of 0.15 kg/kg NiO ‒ 
in the NiO – Fe2O3 – C system. It was found that cobalt reduction in the CoO – C system begins at a temperature of about 513 K at any carbon consump-
tion. With a further increase in temperature, the reduction process depends only on consumption of the reducing agent. From the obtained thermo-
dynamic modeling data, it follows that cobalt reduction from the cobalt-nickel concentrate begins at a temperature of about 513 K and subsequently 
depends slightly on temperature. The extraction of cobalt increases with the amount of reducing agent at temperatures up to 553 K, then remains 
constant up to 1473 K temperature. Nickel reduction takes place at a temperature above 473 K. The degree of nickel reduction slightly depends on 
the temperature and amount of reducing agent at consumption of the latter over 0.02 kg/kg of concentrate. Laboratory studies showed that during the 
melting period, nickel can be reduced from its oxide almost completely with solid carbon, since nickel has less sensitivity to oxygen than iron. Theo-
retical and experimental studies of steel direct alloying showed that it is advisable to use a solid phase process in reduction of nickel and cobalt. Nickel 
concentrate and cobalt-nickel concentrate during steel smelting in an electric furnace is advisable to be introduced into charge in the form of mixtures 
pelletized with a carbonaceous reducing agent. 

Keywords: thermodynamic modeling, model system, nickel concentrate, cobalt-nickel concentrate
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 Introduction

Modern technologies must meet certain requirements, 
the main ones being:

– rational use of material and energy resources;
– expansion of the product range;
– improvement of product quality;
– environmental safety.
These issues are particularly relevant in the production 

of ferrous metals. A significant focus is on obtaining ultra-
pure steel with minimal undesirable impurities through 
more cost-effective methods and in larger quantities, as 
well as altering the structure and type of alloying elements 
and deoxidizers used, moving towards less stringent com-
position requirements and corresponding cost reductions.

An analysis of current steelmaking technologies reveals 
that the most significant cost factors in metal production 
are the expenses for deoxidation and alloying of steel, 
as well as the technological energy required. One way 
to increase the efficiency of steel production is to modify 
the technology for obtaining alloying elements by transi-
tioning to direct alloying of steel in the furnace or ladle 
using ores and concentrates [1; 2].

In the past two decades, significant attention has 
been paid, both in Russia [3 – 5] and abroad [6 – 8], 
to the search for new chemical and hydrometallurgical 
methods for enriching low-grade ores (including manga-
nese ores) as part of resource conservation efforts. When 
enriching polymetallic manganese-containing ores from 
Kuzbass using the technology proposed in [9], in addition 
to high-quality manganese and iron concentrates, non-
ferrous metal concentrates (nickel concentrate, as well as 
nickel-cobalt concentrate) are obtained, which can be used 
for direct alloying.

Technological progress in mechanical engineering, con -
struction, chemistry, and other industries drives the demand 
for high-quality steels and alloys. The most in-demand 
types are structural, heat-resistant, acid-resistant, and 

stainless steels, which require non-ferrous metals in their 
production (with nickel being one of the primary ones). 

Reserves of rich nickel ores with nickel content around 
4 % are limited, leading to the use of low-grade silicate 
ores with nickel content up to 1.5 % [10 – 12]. Currently, 
there is considerable focus on finding new methods for 
enriching and utilizing nickel-containing ores [13 – 15]. 
As an alternative raw material, polymetallic manganese-
containing ores and iron-manganese nodules, with nickel 
content up to 0.5 %, can be considered [16; 17].

Global nickel production remains steady at around 
1 million tons annually. In the global economy, the demand 
for nickel continues to grow despite the constant rise in its 
price. The increasing demand for nickel is due to its wide 
range of applications, with the majority of produced nickel 
used for steel alloying. 

The growing need for cobalt in various fields of science 
and technology, driven by the development of the aero-
space industry and the production of specialty steels for 
oil extraction equipment, necessitates an increase in its 
production volume. Most cobalt produced is used to crea te 
various alloys. Cobalt is frequently used in alloys with 
iron, chromium, tungsten, and molybdenum. It enhances 
the cutting properties of high-speed steel, making it 
valuab le in the tool industry.

Cobalt alloys possess excellent magnetic properties, 
corrosion resistance, wear resistance, and high thermal sta-
bility.

Adding cobalt to steel helps maintain magnetic pro-
perties at high temperatures and under vibrations, and 
increases resistance to demagnetization. For instance, 
Japanese steel containing up to 60 % Co has high coerci-
vity and loses only 2.0 – 3.5 % of its magnetic properties 
under vibrations. Cobalt-based magnetic alloys are used in 
the production of electric motor cores, transformers, and 
other electrical devices [18; 19].

An analysis of the advantages and disadvantages 
of direct steel alloying shows that the feasibility of a parti-
cular technology is determined by technical and economic 

и в дальнейшем от температуры зависит незначительно. Степень извлечения кобальта возрастает с увеличением количества восстано-
вителя при температурах до 553 К, затем остается постоянной до температуры 1473 К. Восстановление никеля протекает при темпе-
ратуре выше 473 К. Степень восстановления никеля слабо зависит от температуры и количества восстановителя при его расходе более 
0,02 кг/кг концентрата. Проведенные лабораторные исследования показали, что в период плавления можно восстановить никель из его 
оксида твердым углеродом практически полностью, так как никель обладает меньшим сродством к кислороду, чем железо. Теоретичес кие 
и экспериментальные исследования прямого легирования стали показали, что при восстановлении никеля и кобальта целесообразно 
использовать твердофазный процесс. Концентрат никеля и кобальт-никелевый концентрат при выплавке стали в электропечи желательно 
вводить в завалку в виде смесей, окомкованных с углеродистым восстановителем. 

Ключевые слова: термодинамическое моделирование, модельная система, никелевый концентрат, кобальт-никелевый концентрат

Благодарности: Исследование выполнено при финансовой поддержке РФФИ и Субъекта РФ (Кемеровская обл. – Кузбасс) в рамках научного 
проекта № 20-48-420001/22.

Для цитирования: Рыбенко И.А., Нохрина О.И., Рожихина И.Д., Голодова М.А. Термодинамическое моделирование восстановления ко-
бальта и никеля при использовании концентратов гидрометаллургического обогащения для легирования стали. Известия вузов. Черная 
металлургия. 2024;67(4):384–390. https://doi.org/10.17073/0368-0797-2024-4-384-390

https://doi.org/10.17073/0368-0797-2024-4-384-390


Известия вузов. Черная металлургия. 2024;67(4):384–390.
Рыбенко И.А., Нохрина О.И. и др. Термодинамическое моделирование восстановления кобальта и никеля при использовании ...

386

indicators such as the duration of melting and the con-
sumption of reducing agent. The goal of the research was 
to maximize the replacement of silicon, the primary reduc-
ing agent for alloying elements from concentrates, with 
the more cost-effective carbon, and to achieve consistent 
recovery of nickel and cobalt from the oxides pre sent 
in concentrates obtained during the hydrometallurgical 
enrichment of polymetallic manganese-containing ores. 

 Materials and methods

In the context of steel production in electric arc fur-
naces, reducing agents such as carbon, carbon monoxide, 
and silicon dissolved in molten steel can be considered 
at different stages of melting. To determine the conditions 
for the reduction of alloying elements from concentrates, 
thermodynamic modeling methods based on the calcula-
tion of equilibrium states in model thermodynamic sys-
tems were used [20]. Thermodynamic modeling in this 
study was conducted using ready-made software products 
(TERRA software complex) developed at Moscow State 
Technical University, which allows the determination 
of the equilibrium composition of a multicomponent, hete-
rogeneous thermodynamic system for high-temperature 
conditions based on the principle of maximum entropy. 

An elementary system is formed by specifying the quan-
tity of its constituent components and temperature. Con-
densed solution compositions are formed if necessary. For 
the selected two thermodynamic parameters, multi-variant 
calculations of equilibrium compositions are carried out 
depending on the thermodynamic parameters or the con-
sumption of raw materials. 

The set of substances that can form given the speci-
fied elemental composition of the mixture was determined 
through numerical modeling for the chosen temperature 
range and various thermodynamic states. From the com-
plete list of possible substances, only those whose con-
centrations exceeded 10–4 mol/kg of the mixture were 
selected. Calculations were conducted in the temperature 
range from 573 to 1873 K, corresponding to steelmaking 
temperatures. 

Thermodynamic modeling of nickel, cobalt, and com-
bined nickel and cobalt reduction was performed for pure 
systems and concentrates obtained from the enrichment 
of polymetallic manganese raw materials: nickel concen-
trate (45.0 % Ni; 2.3 % Mn; 1.4 % Fe; 0.5 % Co; 0.1 % Cu; 
less then 0.015 % P; traces of SiO2 and 2,82 % loss on igni-
tion); cobalt-nickel concentrate (76.8 % CoO; 11.9 % NiO; 
4.9 % Fe2O3 ; 1.2 % Mn2O3 ; 0.2 % SiO2 ; 1.2 % CaCl2 ; 
3.8 % loss on ignition) and coke from EVRAZ United West 
Siberian Metallurgical Plant (Ad = 13.6 %; V daf = 2 %; 
W p = 2 %; 51.1 % SiO2 ; 23.3 % Al2O3 ; 0.16 % MnO2 ; 
1.58 % MgO; 1.2 % CaO; 17.46 % Fe2O3 ; 0.5 % P2O5 ; 
1.2 % K2O; 0.2 % Na2O; 74.4 % СО2 ). 

During laboratory studies, an optimal method for 
introducing nickel oxide into an electric arc furnace was 
experimentally determined and tested. Steel was smelted 
in a 10 kg capacity laboratory electric arc furnace. Pellets 
with a diameter of 20 – 30 mm were produced from nickel 
concentrate obtained from the enrichment of polymetallic 
manganese ores (with a fraction size less than 0.5 mm) and 
coke fines. The pellets were charged into the furnace in two 
ways: I – into the charge; II – during the reduction period, 
onto the metal bath before slag formation.

The number of pellets was calculated to achieve 1 % 
nickel content in the steel. Experimental heats were con-
ducted using the classical two-slag technology. Scrap 
metal with the following composition, wt. %, was used: 
0.275 C; 0.267 Si; 0.423 Mn; 0.175 Cr; 0.1 Ni; 0.027 S; 
0.028 P; the remainder Fe. The mass of charge materi-
als for experimental heat is provided in the Table. After 
smelting, samples of metal and slag were taken for chemi-
cal analysis. The metal and slag were tapped into a ladle. 
The resulting ingot was cut into three equal parts along its 
height for metal analysis.

 Results and discussion

 Nickel reduction from nickel concentrate oxides
 

The calculation of possible compositions resulting 
from nickel reduction processes in the thermodynamic 

Initial charge materials for experimental heats

Исходные шихтовые материалы для опытных плавок

Indicator
Value for heat

1 2 3 4 5 6
Mass of briquettes, kg 0.757 0.756 0.758 0.677 0.678 0.676
Composition of briquettes, wt. %:

Nickel concentrate 85 85 85 95 95 95
Coke 10 10 10 – – –
Binder 5 5 5 5 5 5

Mass of scrap metal, kg 9 9 9 9 9 9
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sys  tem consisting of NiO – C was performed by varying 
the carbon content in the system, allowing the evalua-
tion of the concentration limits for reduction processes. 
The model system NiO – C was formed by specifying 
the initial composition of the mixture: 1 kg of NiO and car-
bon in amounts ranging from 0.01 to 0.1 kg/kg of oxide. 
The studies were conducted in the temperature range 
from 1073 to 1873 K. The dependence of nickel reco-
very coefficients from the oxide on the amount of carbon 
at temperatures of 1073, 1473, and 1873 K are presented 
in Fig. 1. Thermodynamic calculations showed that maxi-
mum nickel reduction is achieved at a carbon consump-
tion of 0.08 kg/kg NiO. Therefore, complete nickel reduc-
tion can be achieved during solid-phase reduction before 
the appearance of a liquid phase. 

The results of equilibrium state calculations for 
the NiO – Fe2O3 – C system within a carbon range of 
0.01 – 0.50 kg/kg NiO and an initial amount of NiO (1 kg) 
and Fe2O3 (2 kg) are presented in Fig. 2. The significant 
condensed phase consists of Ni, NiO, C, FeO, and Fe2O3 . 
The gas phase is represented by CO and CO2 oxides. 

The slag phase of the considered system is repre-
sented by FeO, Fe2O3 , and NiO oxides. When the amount 
of reducing agent exceeds 0.2 kg/kg NiO, the slag phase 
consists only of FeO. Complete nickel reduction from 

oxide occurs at a carbon content of 0.15 kg/kg NiO in 
the NiO – Fe2О3 – C system. 

The results of thermodynamic modeling demonstrated 
that nickel can be fully reduced from its oxide in both 
the NiO – C system and the NiO – Fe2O3 – C system at 
metal lurgical process temperatures.

During laboratory experiments, the optimal method 
for introducing nickel oxide into the electric arc furnace 
was experimentally determined. In heats 1 to 3, pellets 
made from nickel concentrate were used, while in heats 
4 to 6, a mixture of nickel concentrate and coke was used 
(see Table).

The results of experimental steel alloying heats using 
nickel-containing pellets showed that nickel recovery from 
the concentrate was 92 – 95 % (option I) and 75 – 78 % 
(option II).

The decrease in nickel recovery when it was added 
at the beginning of the reduction period is likely due to par-
tial evaporation; as nickel is reduced in the arc zone, it may 
partially evaporate due to its relatively low boiling point.

Under steelmaking conditions in an electric arc furnace, 
within the temperature range of 1173 – 1873 K, nickel can 
be almost completely reduced from its oxide by solid car-
bon during the melting period, as nickel has a lower affi-
nity for oxygen than iron.

 Cobalt reduction in elementary systems
 

The study of cobalt oxide dissociation revealed that 
the highest oxide, Co2O3 , is absent in the system at tempe-
ratures above 473 K. The cobalt oxide stable at room tem-
perature is the complex oxide Co3O4 , which has a spinel 
structure where one set of lattice sites is occupied by Co2+ 
ions and the other by Co3+ ions; it decomposes to form 
CoO at temperatures above 1173 K. The results of ther-
modynamic calculations are shown in Fig. 3. The depen-
dencies indicate that Co3O4 remains stable up to 1173 K. 

Fig. 1. Dependences of nickel reduction parameters 
on the amount of carbon in the NiO – C system 
at a temperature of 1073, 1473, 1873 K (1 ‒ 3):

a – amount of NiO; b – nickel extraction

Рис. 1. Зависимости параметров восстановления никеля  
от количества углерода в системе NiO – C 

при температурах 1073, 1473, 1873 К (1 ‒ 3):
а – количество NiO; b – извлечение никеля

Fig. 2. Dependence of slag phase composition on carbon flow rate  
at constant temperature 1873 K in the NiO – Fe2O3 – C system:

1 ‒ 3 ‒ Fe3O4 , FeO, NiO

Рис. 2. Зависимость состава шлаковой фазы от расхода углерода 
при постоянной температуре 1873 К в системе NiО – Fe2O3 – C: 

1 ‒ 3 ‒ Fe3O4 , FeO, NiO
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In the temperature range of 1173 to 1223 K, the amount 
of Co3O4 decreases to zero, CoO appears at 1173 K, and 
its amount becomes maximal and stable to temperature 
changes at 1223 K. 

In modeling cobalt reduction, the CoO – C system was 
considered. Calculations were performed in the tempera-
ture range of 273 to 1273 K, with reducing agent (carbon) 
consumption ranging from 0.02 to 0.10 kg/kg CoO. Ther-
modynamic modeling showed that cobalt reduction begins 
at approximately 513 K, regardless of carbon consump-
tion. As the temperature increases, the reduction process 
depends solely on the amount of reducing agent (Fig. 4). 
Cobalt is fully reduced from its oxide at a carbon consump-
tion of 0.1 kg/kg CoO at 1273 K.

Thermodynamic calculations of Co reduction in the 
Co – O – Si and Co – O – Al systems in the temperature 
range of 273 to 1273 K showed that cobalt is fully reduced 
at a silicon consumption of 0.1 kg/kg Co or at an alumi-
num consumption of 0.24 kg/kg CoO at 1273 K. 

 Nickel and cobalt reduction from
 

cobalt-nickel concentrate

The reduction of cobalt and nickel from the oxides in 
the concentrate using coke was studied in the temperature 
range of 273 to 2073 K. Coke consumption varied from 
0.02 to 0.10 kg/kg of concentrate.

The significant reduction products included: 
– cobalt, nickel, cobalt oxides, nickel oxides, iron, 

manganese, calcium and magnesium silicates, and alumi-
nates (condensed phase);

– water vapor, CO and CO2 oxides, metal chlorides 
(gas phase); chlorides were detected at temperatures above 
1513 K.

The dependencies of cobalt and nickel recovery coef-
ficients from the cobalt-nickel concentrate on temperature 
and carbon consumption are shown in Fig. 5.

The thermodynamic data indicate that cobalt reduction 
begins at approximately 513 K and is minimally affected 
by further temperature increases. The degree of cobalt 

Fig. 3. Thermal dissociation of cobalt oxides:
1, 2 – Co3O4 , CoO

Рис. 3. Термическая диссоциация оксидов кобальта:
1, 2 – Co3O4 , CoO

Fig. 4. Dependence of the amount of reduced cobalt on temperature 
and carbon consumption in the CoO ‒ C system

Рис. 4. Зависимость количества восстановленного кобальта 
от температуры и расхода углерода в системе СоO – C

Fig. 5. Dependences of extraction coefficients of nickel (a) 
and cobalt (b) from cobalt-nickel concentrate 

on temperature and carbon consumption

Рис. 5. Зависимости коэффициентов извлечения никеля (а) 
и кобальта (b) из кобальт-никелевого концентрата 

от температуры и расхода углерода
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recovery increases with the amount of reducing agent 
up to 553 K, after which it remains constant up to 1473 K. 
With further temperature increases, cobalt recovery 
decreases. When calculating the cobalt recovery coeffi-
cient, only cobalt present in the condensed phase was con-
sidered. The gas phase contained CoCl2 , and its amount 
increased with rising temperature. 

Nickel reduction occurs at temperatures above 473 K. 
The degree of nickel reduction is slightly dependent on 
temperature and amount of reducing agent when the latter 
exceeds 0.02 kg/kg of concentrate.

The study results showed that during the reduction 
of nickel and cobalt from concentrates, complete reduction 
of these elements is achieved at solid-phase reduction tem-
peratures in the range of 573 to 1073 K. The data obtained 
are consistent with the results of previous studies [18; 19].

 Conclusions

The results of theoretical and experimental studies sug-
gest that solid-phase reduction is advisable for nickel and 
cobalt reduction. Nickel can be fully reduced from nickel 
concentrate by carbon at 1073 K, while cobalt and nickel 
reduction from cobalt-nickel concentrate begins at approxi-
mately 513 K and is minimally affected by further tempera-
ture increases. Therefore, it is advisable to introduce nickel 
and cobalt-nickel concentrates into the furnace charge dur-
ing steelmaking in electric arc furnaces as mixtures pelle-
tized with a carbonaceous reducing agent. 
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Аннотация. Работа посвящена выявлению и анализу закономерностей изменения элементного и фазового составов, дефектной субструк-

туры, механических (микротвердость) и трибологических (износостойкость и коэффициент трения) свойств нержавеющей высокохро-
мистой стали, подвергнутой комплексной обработке, которая сочетает облучение в вакууме поверхностного слоя образцов интенсивным 
импульсным электронным пучком субмиллисекундной длительности воздействия и последующее азотирование в условиях элионного 
нагрева образцов. В качестве материала исследования используется высокохромистая сталь 20Х23Н18, являющаяся в исходном состоя нии 
поликристаллическим агрегатом на основе γ-железа. Облучение стали импульсным электронным пучком авторы проводили на уста-
новке «СОЛО», оснащенной электронным источником с плазменным катодом на основе импульсного дугового разряда низкого давления 
с сеточной стабилизацией границы катодной плазмы и открытой границей анодной плазмы. Азотирование стали осуществлялось на 

  yufi55@mail.ru
Abstract. The work is devoted to identification and analysis of patterns of change in the elemental and phase composition, defective substructure, mecha-

nical (microhardness) and tribological (wear resistance and friction coefficient) properties of stainless high-chromium steel subjected to complex 
processing, combining vacuum irradiation of the samples surface layer with an intense pulsed electron beam of submillisecond exposure duration and 
subsequent nitriding under electron-ionic heating conditions. High-chromium steel AISI 310S, which in the initial state is a polycrystalline aggregate 
based on γ-iron, was used as the research material. Pulsed electron beam treatment of steel was carried out on a “SOLO” installation equipped with 
an electron source with a plasma cathode based on a low-pressure pulsed arc discharge with grid stabilization of the cathode plasma boundary and 
an open anode plasma boundary. Steel nitriding was carried out on a “TRIO” installation with a chamber size of 600×600×600 mm, equipped with 
a switching unit to implement the electron-ionic processing mode. Nitriding was carried out at 723, 793, and 873 K temperatures for 1, 3 and 5 h. 
It was found that electron-ionic nitriding of the samples pre-irradiated with an electron beam (10 J/cm2, 200 μs, 3 pulses at 723 and 793 K for 3 h) 
is accompanied by the formation of a ceramic layer containing only iron and chromium nitrides. The highest values of steel wear resistance after 
electron-ionic nitriding, exceeding the wear resistance of the initial steel by more than 700 times, are observed at nitriding parameters of 793 K, 3 h. 

Keywords: high-chromium steel, complex processing, pulsed electron beam treatment, nitriding, structure, phase composition, hardness, wear resistance, 
friction coefficient

Acknowledgements: The work was supported by the Ministry of Science and Higher Education of the Russian Federation (No. FWRM-2021-0006). 
The results of the TEM analysis were obtained on the basis of the Scientific and Educational Innovation Center “Nanomaterials and Nanotechnology” 
of the TPU Research Institute.

For citation: Ivanov Yu.F., Petrikova E.A., Teresov A.D., Lopatin I.V., Tolkachev O.S. Complex electron-ion-plasma surface modification of high-
alloy stainless steel. Izvestiya. Ferrous Metallurgy. 2024;67(4):391–397. https://doi.org/10.17073/0368-0797-2024-4-391-397

Complex electron-ion-plasma surface  
modification of high-alloy stainless steel

Yu. F. Ivanov , E. A. Petrikova, A. D. Teresov, 
I. V. Lopatin, O. S. Tolkachev

Институт сильноточной электроники Сибирского отделения РАН (Россия, 634055, Томск, Академический пр., 2/3)

Institute of High Current Electronics, Siberian Branch of the Russian Academy of Sciences (2/3 Akademicheskii Ave., Tomsk 
634055, Russian Federation)

Original article 
Оригинальная статья

Комплексная электронно-ионно-плазменная 
модификация поверхности нержавеющей 

высоколегированной стали
Ю. Ф. Иванов , Е. А. Петрикова, А. Д. Тересов, 

И. В. Лопатин, О. С. Толкачев

©  Yu. F. Ivanov, E. A. Petrikova, A. D. Teresov, I. V. Lopatin, O. S. Tolkachev, 2024

Materials science Материаловедение

https://doi.org/10.17073/0368-0797-2024-4-391-397
https://fermet.misis.ru/index.php/jour/search/?subject=high-chromium steel
https://fermet.misis.ru/index.php/jour/search/?subject=complex processing
https://fermet.misis.ru/index.php/jour/search/?subject=pulsed electron beam treatment
https://fermet.misis.ru/index.php/jour/search/?subject=nitriding
https://fermet.misis.ru/index.php/jour/search/?subject=structure
https://fermet.misis.ru/index.php/jour/search/?subject=phase composition
https://fermet.misis.ru/index.php/jour/search/?subject=hardness
https://fermet.misis.ru/index.php/jour/search/?subject=wear resistance
https://fermet.misis.ru/index.php/jour/search/?subject=friction coefficient
https://doi.org/10.17073/0368-0797-2024-4-391-397
mailto:yufi55%40mail.ru?subject=
mailto:yufi55%40mail.ru?subject=


Известия вузов. Черная металлургия. 2024;67(4):391–397.
Иванов Ю.Ф., Петрикова Е.А. и др. Комплексная электронно-ионно-плазменная модификация поверхности нержавеющей ...

392

 Introduction

The recent studies have highlighted the increasing 
demand for surface modification of metals and alloys 
through complex processing. These processing combines 
various methods such as saturating the surface layer with 
gas atoms, depositing thin films of different metals fol-
lowed by mixing under high-energy pulsed electron 
beams, applying hard and superhard wear-resistant coa-
tings, and more [1; 2]. These processes result in a gra-
dient structure in the near-surface layer, with a gradual 
change in the concentration of alloying elements with 
depth, significantly enhancing the surface’s hardness, 
wear resistance, corrosion resistance, and electrical con-
ductivity [3 – 5]. The most commonly used ion-plasma 
nitriding method in the industry is nitriding in an abnor-
mal glow discharge [6 – 8]. However, this method has 
the main disadvantage of relatively high operating pres-
sure, which hinders effective ion cleaning of the surface 
during nitriding. To overcome this drawback, the Insti-
tute of High Current Electronics of the Siberian Branch 
of the Russian Academy of Sciences developed the plasma 
generator “PINK,” which has been successfully used for 
a quarter of a century [9 – 11]. The necessary temperature 
for the nitriding process using the “PINK” plasma gene-
rator is maintained by a flow of ions from the discharge 
plasma, accelerated to an energy determined by the elec-
tric bias on the samples. This often leads to intensive ion 
etching of the treated surface and a significant increase in 
its roughness [12; 13]. To mitigate the impact of intense 
ion bombardment on the formation of the modified layer, 
studies [14; 15] proposed using the electronic compo-
nent of the plasma for heating the samples, implemen-
ting an elion process. This process allows for adjusting 
the processing temperature without significantly altering 
the intensity of ion bombardment. 

The aim of this work is to establish the patterns 
of evolution in the structure, mechanical, and tribological 
properties of high-chromium steel subjected to a compre-
hensive treatment that combines pulsed electron beam 

irradiation and subsequent elion nitriding in a low-pres-
sure gas discharge plasma.

 Materials and methods

The material used for the study was high-chromium 
steel AISI 310S with the following composition (wt. %): 
С 0.2; Si 1.0; Mn 2.0; Ni 17 – 20; Cr 22 – 25; S 0,02; 
P 0.035; and the remainder Fe. The samples were in 
the form of plates measuring 10×10×5 mm. The steel was 
irradiated with a pulsed electron beam using the “SOLO” 
installation, equipped with an electron source featuring 
a plasma cathode based on a low-pressure pulsed arc 
discharge with grid stabilization of the cathode plasma 
boundary and an open anode plasma boundary [17; 18]. 
Based on thermal calculations, electron beam energy 
densities (ES ) of 10 and 30 J/cm2 were selected (pulse 
duration 200 µs; number of pulses 3; frequency 0.3 s–1). 
At an electron beam energy density of 10 J/cm2 (200 µs, 
3 pulses), a solid-phase mode is achieved, meaning trans-
formations in the surface layer of AISI 310S steel occur 
within the temperature range where the surface layer 
remains in the solid state. At an electron beam energy den-
sity of 30 J/cm2 (200 µs, 3 pulses), a liquid-phase mode 
is realized, meaning transformations in the surface layer 
of AISI 310S steel occur within the temperature range 
where the surface layer is in a molten state. The nitri ding 
of the steel was performed using the “TRIO” installation, 
which has a chamber size of 600×600×600 mm and is 
equipped with a switching unit to implement the elion 
(electronic and ionic) processing mode [15]. This pro-
cess was carried out at temperatures ranging from 723 
to 873 K for 1 – 5 h. The temperature of the samples was 
regulated by the filling factor of the electronic phase. 
The samples were fixed on a stationary holder in the cen-
ter of the chamber along the axis of the plasma sources, 
with the holder positioned at a 60° angle to each source 
and the samples on the front side of the holder. The pro-
cess temperature was measured using a chrom elalumel 
thermocouple fixed in the sample holder through 
a quartz cup. 

установке «ТРИО» с размерами камеры 600×600×600 мм, дооснащенной блоком коммутации для реализации элионного (электронного 
и ионного) режима обработки. Азотирование проводили при температурах 723, 793 и 873 К в течение 1, 3 и 5 ч. Элионное азотирование 
при температурах 723 и 793 К в течение 3 ч образцов, предварительно облученных электронным пучком (при режиме 10 Дж/см2, 200 мкс, 
3 имп.), сопровождается формированием керамического слоя, содержащего только нитриды железа и хрома. Наиболее высокие значения 
износостойкости стали после элионного азотирования, превышающие износостойкость исходной стали более чем в 700 раз, наблюдаются 
при параметрах азотирования 793 К, 3 ч. 

Ключевые слова: высокохромистая сталь, комплексная обработка, облучение импульсным электронным пучком, азотирование, структура, 
фазовый состав, твердость, износостойкость, коэффициент трения
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The structure, elemental, and phase composition 
of the modified steel were investigated using X-ray dif-
fraction analysis, optical microscopy, scanning electron 
microscopy (SEM), and transmission electron micro-
scopy (TEM). The mechanical properties of the steel 
were cha racterized by microhardness (indenter load 
0.5 N), and the tribological properties were characte-
rized by wear resistance and the coefficient of friction. 
The parameters for the tribological tests under dry fric-
tion conditions at room temperature were as follows: 
counter body – a 6 mm diameter silicon carbide (SiC) 
ball, wear track diameter 4 mm, load 5 N, and friction 
path length 2000 m.

 Results and discussion

Surface treatment of AISI 310S stainless steel 
with a pulsed electron beam at an energy density (ES ) 
of 10 J/cm2 (200 µs, 3 pulses) results in the forma-
tion of slip traces on the irradiated surface (Fig. 1, a), 
indicating intense deformation of the surface layer due 
to the relaxation of elastic stresses formed in the sur-
face layer of the samples during the rapid energy input 
and cooling process. The surface of the samples remains 
smooth, with no microcracks, microcraters, or micro-
pores observed. This indicates that the irradiation did not 
lead to the melting of the surface layer of the samples.

Surface treatment of AISI 310S stainless steel with 
a pulsed electron beam at an energy density of 30 J/cm2 
(200 µs, 3 pulses) results in the formation of a highly 
relief structure on the irradiated surface, characterized 
by a large number of microcraters. A cellular structure 
is observed within the grains, indicating melting and 
subsequent high-speed crystallization of the surface 
layer (Fig. 1, b). Therefore, under this irradiation mode, 
the high-speed melting of the surface layer occurs, 
which aligns with the results of the temperature field 
calculations. The crystallization cell sizes range from 
330 to 500 nm. Microcracks are present on the surface 
of the steel, located along the grain boundaries, indica-
ting a high level of residual stresses formed in the surface 
layer due to rapid cooling.

It has been established that increasing the electron 
beam energy density leads to a rise in the wear coeffi-
cient (a decrease in wear resistance) of the steel from 
1.9·10–4 mm3/(N·m) at 10 J/cm2 to 5.2·10–4 mm3/(N·m) 
at 30 J/cm2. The wear coefficient of the steel before 
pulsed electron beam irradiation is 4.9·10–4 mm3/(N·m). 
Additionally, it was shown that the microhardness 
of the samples increases with the electron beam energy 
density, from 1.7 GPa in the initial state to 2.4 GPa after 
irradiation at 30 J/cm2.

Subsequent nitriding of the steel resulted in a signifi-
cant increase (4 to 9 times compared to the initial state) in 

the hardness of the surface layer. The hardness of the steel 
decreases with increasing nitriding temperature and 
electron beam energy density. The maximum thickness 
of the hardened layer is 45 – 50 µm, achieved through 
a comprehensive treatment that combines irradiation at 
an electron beam energy density of 10 J/cm2 and subse-
quent nitriding at a temperature of 793 K for 3 h. Nitri-
ding at 793 K for 3 h yields the best results in tribological 
tests, with the wear resistance of steel samp les irradi-
ated with a pulsed electron beam at ES = 10 J/cm2 rea-
ching 1.2·10–6 mm3/(N·m), and at ES = 30 J/cm2 reaching 
0.58·10–6 mm3/(N·m), which is significantly higher than 
the wear resistance of the steel in both the initial and irra-
diated states. 

X-ray phase analysis determined that the main phases 
of the modified samples are α-iron and γ-iron, as well as 
iron nitrides Fe4N, Fe2N, chromium nitrides CrN, and 

Fig. 1. Electron microscopic image of the surface structure  
of AISI 310S steel samples irradiated with a pulsed  

electron beam:
а – ES = 10 J/cm2 (200 μs, 3 pulses);  
b – ES = 30 J/cm2 (200 μs, 3 pulses) 

Рис. 1. Электронно-микроскопическое изображение структуры 
поверхности образцов стали 20Х23Н18,  

облученной импульсным электронным пучком:
а – ES = 10 Дж/см2 (200 мкс, 3 имп.);  
b – ES = 30 Дж/см2 (200 мкс, 3 имп.)
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the complex nitride Fe3NiN. The highest microhard-
ness values (15.8 and 15.6 GPa) were demonstrated 
by samples subjected to comprehensive treatment, which 
includes preliminary pulsed electron beam treatment 
(10 J/cm2, 200 µs, 3 pulses) and subsequent nitriding at 
temperatures of 723 and 793 K for 3 h. The surface layer 
structure of these samples is characterized by the forma-
tion of a ceramic layer containing only iron and chro-
mium nitrides. 

Scanning electron microscopy first observed the phe-
nomenon of blistering during electron-ion-plasma nitrid-
ing, resulting in the formation of bubbles on the material 
surface (Fig. 2, a). 

It is noteworthy that the formation of bubbles is 
observed on the surface of metals and alloys, metal-
ceramic, and ceramic materials subjected to intense cor-
puscular exposure (ions Н+, В+, Не+, etc.), and is most 
prominently manifested in nuclear and thermonuclear 
reactor technologies, as well as in space [19 – 21].

Studies of the fracture surface of samples pre-irradi-
ated with a pulsed electron beam and subjected to elion 
nitriding revealed that the destruction of the surface layer 
of the steel predominantly follows a quasi-brittle mecha-
nism (Fig. 2, b).

The defect structure of the modified layer was studied 
using transmission electron microscopy. It was found that 
nitriding is accompanied by the formation of a lamellar 
structure (Fig. 3). 

Nitriding of samples subjected to preliminary treat-
ment with a pulsed electron beam at an electron beam 
energy density of 10 J/cm2, pulse duration of 200 µs, and 
three pulses, leads to the formation of a structure with 
alternating iron nitride and chromium nitride plates and 
results in a structure characterized by alternating γ-iron 
plates and predominantly iron nitrides.

 Conclusions

Nitriding process was carried out on samples 
of AISI 310S steel, which had been pre-irradiated with 
a pulsed electron beam, in a low-pressure gas discharge 
plasma with sample heating by plasma electrons (elion 
nitriding method). The formation of blisters on the mate-
rial surface was observed during elion nitriding. Nitri ding 
resulted in the formation of a plate-like structure with 
alternating iron nitride and chromium nitride plates (for 
samples pre-irradiated with a pulsed electron beam at an 
energy density of 10 J/cm2, pulse duration of 200 µs, and 
three pulses) or a structure with alternating γ-iron plates 
and predominantly iron nitrides (for samples pre-irra-
diated with a pulsed electron beam at an energy density 
of 30 J/cm2, pulse duration of 200 µs, and three pulses). 
The highest microhardness values (15.8 and 15.6 GPa) 
were demonstrated by samples subjected to combined 
treatment, which included preliminary treatment with 
a pulsed electron beam (10 J/cm2, 200 µs, three pulses) 
and subsequent nitriding at temperatures of 723 and 

Fig. 2. Electron microscopic image of the AISI 310S steel structure subjected to complex modification, 
combining irradiation with a pulsed electron beam at 10 J/cm2, 200 μs, 3 pulses (a) and 30 J/cm2, 200 μs, 3 pulses (b)  

and subsequent nitriding at 793 K for 3 h:
a – modification surface; b – fracture surface

Рис. 2. Электронно-микроскопическое изображение структуры стали 20Х23Н18,  
подвергнутой комплексному модифицированию, 

сочетающему облучение импульсным электронным пучком при 10 Дж/см2, 200 мкс, 3 имп. (а)  
и при 30 Дж/см2, 200 мкс, 3 имп. (b) 

и последующее азотирование при 793 К, 3 ч:
а – поверхность модифицирования; b – поверхность излома
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793 K for 3 h. The highest wear resistance, significantly 
surpassing that of the steel in both its initial and irradi-
ated states, was observed in samples pre-irradiated with 
a pulsed electron beam at ES = 30 J/cm2 and nitrided 
at a temperature of 793 K for 3 h. 
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Аннотация. В настоящей работе методом проволочно-дугового аддитивного производства (WAAM) на подложке из сплава 5083 форми-

руется покрытие из высокоэнтропийного сплава CoCrFeNiMn неэквиатомного состава. Авторы исследуют изменение микротвердости 
в зоне контакта системы покрытие – подложка. С помощью методов современного физического материаловедения проанализированы 
структурно-фазовое состояние, дефектная структура и элементный состав системы покрытие – подложка. Обнаружены физические меха-
низмы, способствующие повышению твердости в зоне контакта. 

Ключевые слова: микротвердость, зона контакта, подложка, покрытие, высокоэнтропийный сплав, структура
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Abstract. In this work, a coating of a high-entropy alloy CoCrFeNiMn of non-atomic composition is formed on a substrate made of alloy 5083 

by the method of wire-arc additive manufacturing (WAAM). The authors investigated the change in microhardness in the contact zone of the coating – 
substrate system. Using the methods of modern physical materials science, the structural and phase state, defect structure and elemental composition 
of the coating – substrate system were analyzed. The discovered physical mechanisms contribute to an increase in hardness in the contact zone. 
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Short report 
Краткое сообщение

Градиент микротвердости в зоне контакта
покрытие (ВЭС CoCrFeNiMn) – подложка (сплав 5083)

М. О. Ефимов, И. А. Панченко, Ю. А. Шлярова 
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In recent years, researchers in physical materials sci-
ence have focused on high-entropy alloys (HEAs) [1; 2], 
which exhibit abnormally high values of mixing entropy, 
surpassing those of complex alloys. The HEA concept 
involves achieving maximum mixing entropy from five 
or more elements in various atomic ratios. This results in 
single-phase structures with significant lattice distortion 

and impeded diffusion, leading to enhanced strength pro-
perties and stability over a wide temperature range [3 – 5]. 
Developed HEAs show promise for applications in elec-
tronics, nuclear energy, transport engineering, aerospace, 
and other industries [6; 7]. The use of HEAs is expected 
to expand as new compositions are developed and their 
properties investigated. Currently, extensive information 
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is being gathered and understood about HEA synthesis 
methods, structural and phase states, defect substruc-
tures, and properties.

In this study, the change in microhardness within 
the contact zone of the HEA CoCrFeNiMn coating on 
the alloy 5083 substrate was analyzed.

The study used samples of the coating-substrate 
system, where the coating was a non-equiatomic com-
position of HEA CoCrFeNiMn, formed on a substrate 
of alloy 5083 using wire-arc additive manufacturing [3]. 
The hardness of the material was determined using 
the Vickers method on a PMT-3 microhardness tester 
with a load of 5 N. Studies of structural and phase states, 
defect substructure, and elemental composition were con-
ducted using transmission electron diffraction micros-
copy on a JEM2100 instrument.

The microhardness of the coating – substrate system 
varies from 9.9 GPa at the coating – contact zone boun-
dary to 1.5 GPa at the contact zone – substrate boundary. 
The microhardness of the coating and substrate is 3.0 and 
1.0 GPa, respectively (Fig. 1).

The significant change in the microhardness of the con-
tact zone is due to the structural and phase changes 
of the material when the coating is applied to the sub-
strate. X-ray microanalysis confirmed the chemical homo-
geneity of the coating and the presence of aluminum 
atoms, indicating their diffusion from the substrate.

Electron microscope images of the contact zone 
revealed the formation of a grain-subgrain structure with 
crystallite sizes ranging from 0.5 to 1.1 μm (Fig. 2, a). 
Within the grains of such a structure, chaotic and cellular 
dislocation substructures with a scalar density of approx-
imately 1010 cm–2 are present (Fig. 2, b).

Particles of the second phase were found within 
the volume of grains and subgrains, as well as at their 
boundaries. The sizes of these particles in the grain 
volu me range from 15 to 17 nm, and at their boundaries 
from 30 to 35 nm. Analysis of X-ray diffraction patterns 
established that the chemical composition of the second-
phase particles is Al3Ni.

Plate-shaped formations were found in the contact 
zone on the substrate side. Analysis of dark-field images 
and indexing of the corresponding X-ray diffraction pat-
terns allows us to conclude that these inclusions are iron 
aluminides of the composition Al3Fe4 .

Fig. 1. Change in microhardness of the coating – substrate system

Рис. 1. Изменение микротвердости системы покрытие – подложка

Fig. 2. Electron microscopic images of contact zone  
of the coating – substrate system: 

a – grain-subgrain structure;  
b – dislocation substructure

Рис. 2. Электронно-микроскопические изображения  
зоны контакта системы покрытие – подложка: 

а – зеренно-субзеренная структура; 
b – дислокационная субструктура
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 Conclusions

Analysis of the phase elemental composition and defect 
substructure suggests that the increase in microhardness 
in the contact zone of the coating-substrate system is due 
to several factors: the formation of a submicron grain-
subgrain structure containing nanosized second-phase 
particles, solid-solution strengthening resulting from 
mutual alloying of the coating and substrate, and the for-
mation of plate-shaped iron aluminides. Additionally, 
differences in thermophysical characteristics between 
the coating and the substrate may lead to the formation 
of internal stress fields in the contact zone.
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Аннотация. В работе проведено исследование микроструктуры и фазового состава интерметаллических сплавов на основе никеля 

и алюминия, полученных с использованием двухпроволочного электронно-лучевого аддитивного производства (ЭЛАП). Актуальность 
проведенных исследований связана с широким использованием интерметаллических сплавов на основе никеля и алюминия (преиму-
щественно Ni3Al) в различных высокотемпературных приложениях и необходимостью использования современных методов производства 

  elena.g.astafurova@ispms.ru
Abstract. The paper investigates the microstructure and phase composition of nickel- and aluminum-based intermetallic alloys obtained using two-wire 

electron-beam additive manufacturing (EBAM). Relevance of the research is related to the widespread use of intermetallic alloys based on nickel 
and aluminum (mainly Ni3Al) in various high-temperature applications and the need to use modern production methods when creating machine parts 
and mechanisms from these alloys. Using EBAM, the billets from intermetallic alloys with different ratios of the content of main components were 
obtained. Change in concentrations of the basic elements was carried out varying the ratio of feed rates of nickel and aluminum wires during additive 
manufacturing in the range from 1:1 to 3:1, respectively. The results of microscopic studies of the obtained alloys showed that, regardless of nickel 
content, the obtained alloys are characterized by a large–crystalline structure with grain sizes in the range of 100 – 300 μm for alloys with a component 
ratio of 1:1 and 150 – 400 μm for alloys with a component ratio of 2:1 and 3:1. At the same time, the alloy with an equal content of base components is 
characterized by more uniform grain and microstructure compared to those with high content of Ni. By changing the concentration ratio of the compo-
nents, phase composition of the resulting billet can be purposefully controlled. In the case of an “equiatomic” content of the base components in the 
alloy, a NiAl-based compound with a small phase content based on the intermetallides Ni3Al5 and Ni3Al is formed. At high concent rations of nickel, 
the intermetallic Ni3Al phase is formed, and at a component ratio of 3:1, structure of the resulting billet consists mainly of Ni3Al phase and the γ solid 
substitutional solution based on nickel. The paper demonstrates the possibility of direct production of intermetallic alloys with a given phase composi-
tion during electron-beam additive manufacturing. 

Keywords: intermetallic alloy, additive manufacturing, microstructure, phase composition
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 Introduction

Intermetallic alloys are solid materials composed 
of two or more metallic elements [1]. Unlike traditional 
alloys, intermetallics feature an ordered crystal structure 
with strong ionic or covalent bonds [1; 2]. These charac-
teristics give intermetallic compounds a range of unique 
physical and mechanical properties, including high melt-
ing points and exceptional strength, even at extremely 
high temperatures [1; 2]. 

One of the most intriguing intermetallic compounds 
for industrial applications is the Ni3Al alloy. It boasts 
high tensile and compressive strength across a broad 
temperature range, up to 1100 °C [3 – 5], a positive tem-
perature dependence of yield strength between 0 and 
800 – 900 °C [3 – 5], and excellent resistance to corro-
sion, fatigue, creep, and wear, even at elevated tempera-
tures [6 – 8]. These unique properties make nickel and 
aluminum-based alloys highly valuable in various indust-
ries for high-temperature applications, particularly in 
the production of gas turbine engine blades, turbocharger 
rotors for diesel power plants, and structural components 
in the automotive, aerospace, metallurgical, and metal-
working sectors [2; 3; 9].

However, these alloys have significant drawbacks, 
including low plasticity and a tendency toward brittle 
fracture, which complicates their processing during 
manu facturing [1; 4; 5]. Traditional powder metallurgy 
methods – such as casting, sintering, self-propagating 
high-temperature synthesis, and directional solidifica-
tion [7; 9; 10] – are not suitable for producing finished 
products from intermetallic alloys [11 – 13]. As a result, 
additive manufacturing has emerged as a promising 
method for producing machine and mechanism parts 
from nickel aluminide. This process involves creating 

a part with a specified shape by sequentially layering 
and melting powder raw materials or wire using a high-
energy beam [10; 11; 14]. 

In [11], intermetallic alloys with a composite struc-
ture were produced using selective laser sintering (SLS) 
with various mass ratios of aluminum and nichrome alloy 
powders. The resulting matrix, based on nichrome, was 
filled with intermetallic particles of Ni3Al and NiAl. 
In [15], layered intermetallic structures based on nickel 
and aluminum with various stoichiometric composi-
tions were obtained using selective laser melting (SLM) 
techno logy. In [16], samples of Ni3Al intermetallic alloy 
were produced using SLM and direct laser metal depo-
sition (DLMD) methods, exhibiting slight microporosity 
and microcracks that formed during the cooling of the bil-
lets. Notably, the samples produced by SLS showed 
smaller grain sizes compared to those formed du ring 
DLMD additive manufacturing, which is attributed 
to the different heating and cooling regimes in the additive 
manufacturing process. The cracking of additive inter-
metallic billets can be avoided by preheating the powder 
mixture to 1100 °С [13]. In [17], selective electron-beam 
melting (SEBM) of the IC21 intermetallic alloy powder, 
based on nickel and aluminum, resulted in a material 
with a structure free of pores and predominantly con-
sisting of the γ′ phase of Ni3Al. The alloy demonstrated 
high strength properties across a wide temperature range 
(25 – 1000 °C). When for ming billets of the IC21 alloy 
using SLM technology, samp  les with a dendritic structure 
were obtained, consisting mainly of the γ′ phase of Ni3Al, 
with γ-phase and NiMo-phase grains in the dendrites and 
interdendritic spaces, respectively [18]. The significant 
cracking observed in the billets during their crystalliza-
tion process was also highlighted in.

при создании деталей машин и механизмов из этих сплавов. С помощью ЭЛАП были получены заготовки интерметаллических сплавов 
с разным отношением содержания основных компонентов. Изменение концентрации базовых элементов осуществлялось путем изме-
нения соотношения скоростей подачи никелевой и алюминиевой проволок в процессе аддитивного производства в диапазоне от 1:1 до 3:1 
соответственно. Результаты микроскопических исследований полученных сплавов показали, что независимо от содержания никеля полу-
ченные сплавы характеризуются крупнокристаллической структурой с размерами зерен в диапазоне 100 – 300 мкм для сплавов с соот-
ношением компонентов 1:1 и 150 – 400 мкм для сплавов с соотношением компонентов 2:1 и 3:1. При этом сплав с равным содержанием 
базовых компонентов характеризуется более однородной зеренной микроструктурой по сравнению со сплавами с высоким содержанием 
никеля. При изменении соотношения концентрации компонентов, подаваемых в процессе аддитивного производства, можно целенаправ-
ленно управлять фазовым составом получаемой заготовки. В случае «эквиатомного» содержания в сплаве базовых компонентов форми-
руется соединение на основе NiAl с небольшим содержанием фаз на основе интерметаллидов Ni3Al5 и Ni3Al. При больших концентра-
циях никеля формируется интерметаллидная фаза Ni3Al, а при соотношении компонентов 3:1 структура получаемой заготовки состоит 
преимущественно из фазы Ni3Al и γ твердого раствора замещения на основе никеля. В работе продемонстрирована возможность прямого 
получения интерметаллических сплавов с заданным фазовым составом в процессе электронно-лучевого аддитивного производства. 
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The primary drawbacks of using additive technolo-
gies based on dispersed powders as raw materials include 
the high cost of powders, their rapid oxidation, and 
low deposition rates, among other issues [12]. A solu-
tion to these problems is to use additive manufacturing 
me thods that employ one or more metallic wires of a spec-
ified composition as the raw material. In [12], intermetal-
lic alloys were produced using the wire and arc additive 
manufacturing (WAAM) method, utilizing nickel and alu-
minum wires. The refractory nickel wire was melted by 
an electric arc source, while the low-mel ting aluminum 
wire was added directly to the melt bath. It was shown 
that by adjusting the wire feed rates, the phase composi-
tion of the resulting compounds (Ni3Al, NiAl, etc.) could 
be altered. In [14; 19], M. Zhang and co-authors demon-
strated that when using a two-wire feed in WAAM, a den-
dritic γ + γ′ structure with γ′-phase la yers in the interden-
dritic spaces of the Ni3Al intermetallic alloy forms, and 
the strength of the resulting billets is comparable to com-
mercial alloys. 

Despite its high productivity and the absence of a need 
for complex and expensive equipment, a drawback 
of the WAAM method is that the additive manufacturing 
process occurs in an inert gas environment, which does 
not fully protect the product from harmful impurities 
and oxidation. From this perspective, the most effective 
approach is to use additive technologies where the billets 
are printed in a vacuum. Such methods include electron-
beam additive manufacturing (EBAM) [20].

This study focuses on investigating the structure and 
phase composition of nickel- and aluminum-based inter-
metallic alloys produced using EBAM with aluminum 
and nickel wires.

 Experimental methodology

In this study, billets in the form of vertical walls with 
dimensions of 120×24×7 mm and made of nickel and 
aluminum-based alloys, were produced using a labora-
tory electron-beam additive manufacturing (EBAM) 
setup developed in the Institute of Strength Physics and 
Materials Science SB RAS. To produce the billets, two 
wires with a diameter of 1.2 mm – nickel (NP-2 alloy, 
99.5 wt. % Ni) and aluminum (ESAB OK Autrod 1070 
alloy, 99.8 wt. % Al) – were fed into the melt bath. 
The additive manufacturing process was carried out under 
the following parameters: beam current (I) of 30 ÷ 35 mA, 
beam scanning speed (Vb ) of 2.5 mm/s along the deposited 
layer, accelerating voltage (U) of 30 kV, elliptical beam 
scan from the center, and a scan frequency of 100 Hz. 
The process was conducted in a vacuum at a pressure 
of 10–3 Pa. The billets were formed by sequential depo-
sition of layers of uniform thickness onto a mild steel 
substrate. To obtain intermetallic alloys with varying 
volumetric contents of components, the feed rate ratios 

of the nickel and aluminum wires were adjusted, resulting 
in billets with the following nickel-to-aluminum ratios: 
1:1 (Ni + Al), 2:1 (2Ni + Al), and 3:1 (3Ni + Al). 

Samples for structural and mechanical studies were 
cut from the cross-sections of the billets. For micro-
structural and phase analysis, the samples were mechani-
cally polished, then electrolytically grinded in a solu-
tion of 25 g CrO3 and 210 ml H3PO4 , and finally etched 
in a solution of 90 % CH3COOH and 10 % HClO4 . 
The microstructure was examined using optical micros-
copy (OM, Altami MET 1C) and scanning electron micros-
copy (SEM, Zeiss Leo Evo 50 with an energy-dispersive 
X-ray spectroscopy (EDS) attachment). X-ray structural 
and phase analyses were conducted using a Dron-3M dif-
fractometer (Burevestnik) with CoKα radia tion. The lat-
tice parameters of the phases were determined by extrap-
olating the dependence of the (ahkl), valu es, determined 
for each X-ray line with indices (hkl), on the function 
(cosθ cotθ) [21]. 

 Results and discussion

 Microstructure of alloys produced by EBAM
 

Fig. 1 presents OM and SEM images of the micro-
structure of nickel and aluminum-based intermetallic 
alloys produced using EBAM technology. Metallographic 
analysis revealed that the billets were free of macro- and 
microscopic pores or cracks. All three alloys exhibited 
a coarse-grained layered structure. Within the grains, 
a dendritic microstructure of different morphology often 
became visible during electrolytic polishing: depen ding 
on the grain orientation relative to the polished sur-
face, either extended, wellformed dendritic branches or 
broken or partially dissolved dendritic lamellae could 
be observed. Additionally, homogeneous contrast areas 
(layers) were noted in the images, where no segregation 
was detected (Fig. 1). 

The Ni + Al alloy demonstrated a fairly homogeneous 
structure with infrequent interlayers. On a macroscopic 
level, its structure was more uniform than that of the 
2Ni + Al and 3Ni + Al alloys in terms of forming a laye-
red structure. Meanwhile, the intragranular microstruc-
ture of the equiatomic alloy showed little variation along 
the height of the billet (Fig. 1, a, b). Most often, equiaxed 
grains ranging from 100 to 300 µm in size were observed 
(Fig. 1, a, b). The 2Ni + Al and 3Ni + Al alloys were cha-
racterized by a more heterogeneous structure, with rela-
tively thick interlayers (up to 200 µm thick) and grains 
elongated in the direction of billet growth (Fig. 1, c – e), 
with grain sizes ranging from 150 to 400 µm. Notably, 
in alloys with higher nickel content, the dendrites were 
narrower, and their branches were often intact, indicating 
a significantly higher density of dendrite/interdendritic 
boundaries compared to the Ni + Al alloy.
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Thus, using two-wire feed EBAM with an equal com-
ponent ratio results in a homogeneous billet (in terms 
of microstructure) that is free of macro- and microscopic 
defects (pores, cracks, etc.) immediately after additive 
manufacturing.

 Phase composition of alloys obtained by EBAM
 

According to the phase diagram of the nickel – alumi-
num system, alloys within this binary system can exist in 
the following phase states [22 – 24]: 

– NiAl3 (orthorhombic lattice, nickel content: 
25 at. %); 

– Ni2Al3 (trigonal crystal lattice, homogeneity range 
for nickel: 37 – 41 at. %); 

– NiAl (BCC lattice, homogeneity range for nickel: 
42 – 69 at. %); 

– Ni5Al3 (orthorhombic crystal lattice, homogeneity 
range for nickel: 64 – 68 at. %);

– Ni3Al (γ′-phase with FCC lattice (L12 superstruc-
ture), homogeneity range for nickel: 73 – 75 at. %);

– Ni3Al (γ-phase, disordered solid solution with FCC 
lattice with homogeneity region for nickel: 73 – 75 at. %). 

In this study of additive manufacturing of interme-
tallic alloys, the nickel content fed into the billet dur-
ing EBAM is relatively high (according to the chemical 
composition of the NP-2 alloy, not less than 49.5 wt. % 
for the Ni + Al billet). Therefore, the expected phases in 
the resulting billets, based on the phase diagram, include 
NiAl, Ni5Al3 , Ni3Al, and a nickel-based alloy enriched 
with aluminum through a substitution mechanism (when 
the nickel content in the system exceeds 75 at. %). 

X-ray phase and X-ray microanalyses revealed that 
the phase composi-tion of the billets produced by EBAM 
is determined by the feed rate ratio of nickel and alu-
minum wires into the melt bath, or, in other words, by 
the mass ratio of the components of forming the interme-
tallic alloy. Figs. 2 and 3 show X-ray patterns and SEM 
images with marked EDS spectrum areas for the obtained 
billets. The table provides data on the chemical com-
position and corresponding phases in different areas 
of the examined samples (as per Fig. 3), obtained from 
EDS analysis for the three billets with different compo-

Fig. 1. Metallographic (а, c, e) and scanning electron microscopy (b, d, f) images of microstructure 
of Ni + Al (а, b), 2Ni + Al (c, d) and 3Ni + Al (e, f) intermetallic alloys

Рис. 1. ОМ (а, c, e) и СЭМ (b, d, f) изображения микроструктуры интерметаллических сплавов 
Ni + Al (а, b), 2Ni + Al (c, d) и 3Ni + Al (e, f)
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nent ratios of nickel and aluminum (phases were identi-
fied based on a comparison of the chemical composition 
in the EDS spectrum area with the “nickel – aluminum” 
phase diagram [22 – 24]).

Fig. 2, a shows that when the feed rate ratio of the two 
wires is Ni = 1:1, the resulting billet has a heterophase 
structure composed of NiAl, Ni5Al3 , and Ni3Al phases. 
However, according to X-ray phase analysis, the Ni3Al 
intermetallic phase is not the predominant phase, and 
EDS analysis does not detect this phase at all (Fig. 3, a, 
see the Table). Consequently, in the EBAM process, 
when nickel and aluminum wires are fed into the melt 
bath at equal speeds, i.e., with a near-equal mass ratio 
of nickel and aluminum, the formed intermetallic alloy 
predominantly consists of NiAl and Ni5Al3 phases.

Increasing the wire feed rate ratio to Ni:Al = 2:1 
in the EBAM process results in an intermetallic alloy 
with a more complex phase composition. According 
to the X-ray phase study (Fig. 2, b), the formed billet has 
a heterophase structure consisting of NiAl, Ni5Al3 , Ni3Al, 
and Ni phases. At the same time, EDS analysis indicates 
that the main phase in this case is Ni3Al, with the content 
of the other three phases being relatively small (Fig. 2, b, 
see the Table).

Further increasing the wire feed rate ratio to Ni:Al = 
= 3:1 leads to the formation of a two-phase alloy based 
on Ni and Ni3Al (Fig. 2, c, Fig. 3, c, Table). In this 
case, the formed Ni3Al intermetallic phase has a lat-
tice para meter of a = 0.3572 nm. This value is lower 
than the typical value for the γ′-phase of a = 0.3589 nm 
(for the L12 superstructure [23]). Such differences may 
be due to the formation of a two-phase composition 
(γ + γ′) in the Ni3Al grains during EBAM, i.e., the for-
mation of regions of disordered γ′-solid solution based 
on Ni3Al together with the ordered γ-phase. On the other 
hand, the lattice parameter of Ni in the formed alloy is 
higher than that of pure FCC nickel (a = 0.3568 nm vs. 
a = 0.3526 nm [25]). This may be due to the formation 
of a solid solution of aluminum in nickel via the substitu-
tion mechanism. 

The results of X-ray phase analysis and energydis-
persive spectroscopy (EDS) of the intermetallic alloys 
produced by EBAM showed that their phase composi-
tion generally corresponds to the mass ratio of the initial 
materials (nickel and aluminum wires) fed into the melt 
bath during additive manufacturing. For instance, with 
a Ni ratio of 1:1, the primary phase is NiAl; at a ratio 
of 2:1, a significant portion of the Ni3Al phase is formed, 
with the excess aluminum being redistributed to form 
Ni5Al3 grains. When the nickel content is three times that 
of aluminum, the primary phase is Ni3Al. Moreover, X-ray 
phase and EDS analyses did not detect any un reacted alu-
minum in the resulting alloys, indicating that all the alu-

Fig. 2. XRD-patterns of intermetallic alloys 
Ni + Al, 2Ni + Al and 3Ni + Al (а – c) 

Рис. 2. Рентгенограммы интерметаллических сплавов 
Ni + Al, 2Ni + Al и 3Ni + Al (а – c)

minum was fully incorporated into the formation of inter-
metallic compounds during the EBAM process. 

Thus, the study results demonstrate that the EBAM 
process allows for the formation of nickel- and alumi-
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num-based intermetallic alloys with a predetermined 
phase composition by varying the mass ratio of the com-
ponents fed into the melt bath.

 Conclusions

Using EBAM technology with a two-wire feed, billets 
of nickel- and aluminum-based intermetallic alloys with 
varying component contents were produced. The mass 
ratio of nickel to aluminum was adjusted by varying 
the feed rates of the two wires into the melt bath during 
the additive manufacturing process. The resulting billets 
were characterized by a coarse-grained, layered structure. 
The alloy with an equal content of nickel and aluminum 
exhibited a more homogeneous internal structure com-
pared to the alloys with ratios of 2:1 and 3:1. 

The phase composition of the resulting alloys was 
also determined by the mass ratio of the components used 
in the additive manufacturing process. When the wire 

feed rate ratio was 1:1, a NiAl-based alloy was formed 
with a small content o Ni3Al5 and Ni3Al phases. Increas-
ing the nickel content alters the phase composition 
of the intermetallic alloy, and at a nickel-to-aluminum 
ratio of 3:1, the structure of the resulting billet predomi-
nantly consists of (γ + γ′) Ni3Al and a γ-substitutional 
solid solution based on nickel with a small amount of alu-
minum. 

The results of this study demonstrated the fundamen-
tal possibility of producing nickel- and aluminum-based 
intermetallic alloys with a specified chemical composi-
tion using EBAM technology.
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Аннотация. Широкое применение в области тяжелого машиностроения получили стали класса прочности X70. Одним из наиболее важных 

вопросов при выборе стали для конструкций является ее поведение при циклических нагрузках. В научной литературе трудно найти 
описание поведения всех зон сварного соединения при усталости. Поэтому целью данного исследования является определение харак-
теристик усталостной прочности сварных соединений из российского аналога стали S690QL с фиксацией параметров акустической 
и магнитной дефектоскопии для их применения при диагностике конструкций во время эксплуатации. В качестве объекта исследования 
были взяты образцы из отечественной стали класса прочности X70. Химический состав определялся с помощью оптико-эмиссионной 
спектрометрии. Подготовка шлифов для микроструктурного анализа проводилась по стандартной методике с травлением в нитале. 
Испытание на усталость проводилось на специализированном стенде. Для акустических измерений применяли акустический комплекс 
АИС НРК-3, в качестве информативного параметра использовался акустический параметр D. Для оценки магнитных характеристик 
использовался коэрцитиметр МА-412ММ. Оценивались остаточная намагниченность Br , коэрцитивная сила Hc , отношение Hc /Br . 
Наименьшее количество циклов соответствует зоне наплавленного металла. Снижение амплитуды показало значительный разбег в пове-
дении материала в зависимости от зоны соединения. Однако кривые для зоны термического влияния (ЗТВ) и для наплавленного металла 
практически совпадают. При этом ЗТВ в меньшей степени отличается от основного металла, чем зона наплавленного металла. График 
акустического параметра по своему виду является обратным по отношению к графику магнитных характеристик. Так, для акустического 
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Abstract. Steels of X70 strength class are particularly widely used in the field of heavy engineering. One of the most important issues when choosing 

steel for structures is its behavior under cyclic loads. It is difficult to find a description of the behavior of all zones of the welded joint under fatigue. 
The purpose of this study was to determine the fatigue characteristics of welded joints made of the Russian analogue of S690QL steel with fixation 
of acoustic and magnetic parameters for their use in the diagnosis. The objects of the study were the samples from domestic steel of X70 strength 
class. The chemical composition was determined using optical emission spectrometry. The grinds for microstructural analysis were prepared according 
to the standard technique with etching in the metal. The fatigue test was carried out on a specialized test bench. The authors used the acoustic system 
AIS NRK-3 for acoustic measurements and the acoustic parameter D – as an informative parameter. A MA-412MM coercitimeter was applied 
to evalua te the magnetic characteristics. The following were evaluated: residual magnetization Br , coercive force Hc , Hc/Br ratio. The smallest number 
of cycles corresponds to the deposited metal zone. The decrease in amplitude showed a significant variation in the behavior of the material depending 
on the junction zone. However, the curves for heat affected zone (HAZ) and the deposited metal are practically the same. HAZ differs to a lesser extent 
from the base metal than the deposited metal zone. The graph of the acoustic parameter in its form is the reverse of the magnetic characteristics graph. 
Thus, there is a minimum for the acoustic parameter, depending on the operating time, and a maximum for the magnetic characteristics. For both 
graphs, the extremum is the point corresponding to the operating time of 0.6. 
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 Introduction

High-strength steel with a yield strength of 690 MPa 
(X70 strength class) is widely used in the produc-
tion of earth-moving machinery, lifting machines, and 
cranes [1]. These high-strength steels are often defined 
as having a tensile strength of 1800 – 2000 MPa [2; 3]. 
However, in the same industries, steels referred to as 
High Strength Steel (HSS) in foreign literature are 
also used, with tensile strength starting from as low as 
490 MPa [4; 5]. 

This class of steel was developed by combining alloy-
ing with controlled rolling technologies. It includes: 
S700MC (standard EN 10149-2); S690Q, S690QL, 
S690QL1 (standard EN 10025-6); QStE 690 TM (Ger-
many); Strenx 700MC (SSAB); E 690 D (France); A514 
(AISI, USA). In Russia, analogous steels have been 
developed under import substitution conditions.

One of the most important questions when choosing 
steel for structures is its behavior under cyclic loads, 
which lead to fatigue failure. Traditionally, low-cycle 
and high-cycle fatigue are distinguished [6]. Recently, 
the concepts of gigacycle and even teracycle fatigue 
(hyperfatigue failure) have been introduced. These are 
differentiated by the number of working cycles (N) pre-
ceding failure:

• low-cycle fatigue: N ≤ 5∙104 cycles;
• high-cycle fatigue: 5·104 < N ≤ 108 cycles;
• gigacycle fatigue: N > 108 cycles [7; 8];
• teracycle fatigue: N = 1010 … 1012 cycles [9].
This study examines low-cycle fatigue (LCF) – 

the fatigue of material where damage occurs under 
elastoplastic deformation in a microvolume. The max-
imum durability before failure is approximately 
Nk = 5·104 cycles [10]. Low-cycle failure in mechanical 
engineering is most often associated with comparatively 
rare but repetitive overloads. This type can be encoun-
tered in any branches of mechanical engineering but 
is particularly frequent in aircraft engines, aerospace 
in dustry, powertrains in the automotive industry, and 
power plants [11; 12].

Mainly, fatigue resistance characteristics are deter-
mined for metal not subjected to welding, or only 

the behavior of a single joint zone is described [13 – 15]. 
Therefore, the issue of material behavior under fatigue 
is more acute for welded joint zones, as such studies are 
much less represented. It is even more challenging to find 
information on new grades of materials due to difficulties 
in obtaining metal for research. 

It is well known that the least durable area of a welded 
joint is either the heat-affected zone (HAZ) [16; 17] or 
the deposited metal zone, which can differ significantly in 
chemical composition from the base metal. Considering 
that welding is a source of defects resulting from physi-
cal and structural changes, the fatigue strength of welded 
joints is lower than that of the base material [18; 19]. 
It is noted that the weld seam under standard testing 
me thods is the most reliable part of the welded structure, 
but it becomes the most vulnerable during fatigue test-
ing: charac teristics decrease by up to 60 % compared 
to unwelded metal [20].

Thus, the aim of this study is to determine the fatigue 
strength characteristics of welded joints made of new 
domestic steel (analogous to S690QL) while simulta-
neously recording the parameters of acoustic and mag-
netic flaw detection for the application of the obtained 
values in further diagnostics of structures made from 
the studied steel during operation.

 
 Materials and methods

The study focuses on welded samples made from 
domestic steel with of X70 strength class. The investi-
gated steel is an analogue of the European S690QL steel. 
Its chemical composition and mechanical properties, 
specified in the Technical Standard (TS), are presented 
in Tables 1 and 2, respectively. For the butt weld, a filler 
material of 1.2 mm ESAB ArisroRod 69 welding wire 
was chosen (chemical composition), wt. %: C 0.089; 
Cr 0.26; Mn 1.54; Mo 0.24; Ni 1.23; Si 0.53).

The actual chemical composition of the investigated 
steel was determined using optical emission spectrometry 
on an ARL 3460 spectrometer.

Preparation of samples for microstructural analysis 
followed standard procedures (grinding with sandpaper 
followed by polishing with felt) with etching in nital. 
Microstructure images were captured using an Altami 
MET 1C microscope.

параметра в зависимости от наработки имеется минимум, а для магнитных характеристик – максимум. Но для обоих графиков экстре-
мумом является точка, соответствующая наработке 0,6. 

Ключевые слова: усталость, малоцикловая усталость, сварные соединения, акустический параметр, коэрцитивная сила, остаточная намагни-
ченность, усталость сварных соединений, класс прочности X70
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Fatigue testing was conducted on a specialized 
test bench, shown in Fig. 1, a. The test bench includes 
a fatigue strength testing setup, signal registration, and 
processing equipment. Acoustic emission sensors were 
mounted on the sample. The fatigue test sample configu-
ration is shown in Fig. 1, b.

Loading during testing followed a cantilever bend-
ing scheme (cycle asymmetry coefficient R = –1) 
at a temperature of 20 °C, considering the requirements 
of GOST 25.502–79. The frequency of elastoplastic 
cyclic loading was set at 25 Hz. The loading amplitude 
(σmax) was calculated based on the loading scheme, sam-
ple dimensions, and material mechanical characteristics. 

For acoustic measurements, the AIS NRK-3 acous-
tic system was used. The dimensionless parameter D, 
referred to as the acoustic parameter, was employed as an 
informative parameter in acoustic emission and is defined 
by the formula

where c1 and c2 are the propagation speeds of shear elas-
tic waves with polarization (direction of particle oscilla-
tion) along and across the sample axis, respectively; c3 is 
the propagation speed (delay) of the longitudinal elastic 
wave [21; 22].

Magnetic characteristics were assessed using a mag-
netic metal analyzer – coercimeter MA-412MM. The 
magnetic characteristics evaluated were residual magne-
tization Br , coercive force Hc , and Hc /Br ratio.

 Results and discussion

The chemical analysis showed that the obtained 
result generally corresponds to the grade composition 
of the steel (Table 3). 

Fig. 2 shows the microstructures of the weld zones 
of the investigated steel. The base metal consists of fine 

Table 1. Сhemical composition of the studied steel (maximum content) 

Таблица 1. Марочный химический состав исследуемой стали (указано максимальное содержание)

Element C Si Mn P S Cr Mo Ni Cu Nb V Al
Content, % 0.20 0.86 1.80 0.018 0.01 1.00 0.50 1.10 0.30 0.07 0.14 0.05

Table 2. Mechanical properties of the studied rolled steel

Таблица 2. Механические свойства проката исследуемых сталей

Plate 
thickness

Yield 
strength, MPa

Tensile 
strength, MPa Elongation, % Impact toughness, 

KCV–40 , J/cm2

<40 mm
690 770 – 940 14

80.0
≥40 mm 37.5

Fig. 1. Fatigue test: 
a – fatigue test bench; 

b – diagram of a sample for fatigue test

Рис. 1. Испытание на усталость:
а – стенд для испытаний образцов;  
b – схема образца для испытаний
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grains of acicular ferrite with tempered sorbite inclu-
sions. The heat-affected zone contains well-defined grains 
of ferrite with troostite-sorbite inclusions. The average 
grain size was 35 μm. The microstructure of the depos-
ited metal consists of spheroidized ferrite and pearlite 

with sorbitic structures, and traces of bainite. The crystals 
are oriented parallel to the heat flow.

LCF tests were also conducted on welded samples in 
all three zones of the weld joint. The obtained data are 
presented in Table 4 and shown in graphs in Fig. 3. Most 
samples of S690QL steel (Russia) failed in the weld zone 
during LCF testing. This could be due to the deposited 
metal differing in chemical composition from the inves-
tigated steel, resulting in different mechanical properties 

Table 3. Actual chemical composition of the steel of X70 strength class

Таблица 3. Фактический химический состав стали класса прочности Х70

Element C Si Mn P S Cr Mo Ni Cu Nb V Al
Content, % 0.160 0.340 1.250 0.010 0.0006 0.280 0.220 0.030 0.050 0.020 0.003 0.040

Fig. 2. Microstructure of butt welded joints: 
a – deposited metal; b – heat affected zone; c – base metal

Рис. 2. Микроструктура стыковых сварных соединений:
а – наплавленный металл; b – зона термического влияния; 

c – основной металл

Fig. 3. Wehler curves for S690QL steel (Russia) 
depending on the tested welded joint zone: 

a – absolute coordinates; b – logarithmic coordinates; 
1 – base metal; 2 – HAZ; 3 – deposited metal

Рис. 3. Кривые Велера для стали S690QL (Россия) 
в зависимости от испытанной зоны сварного соединения: 

а – абсолютные координаты; 
b – логарифмические координаты; 

1 – основной металл; 2 – ЗТВ; 3 – наплавленный металл
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compared to the base metal. Microstructural heterogene-
ity also contributes to this: the deposited metal shows 
signs of a quenched structure, with oriented structural 
components that reduce ductility and consequently lower 
the energy threshold for fatigue crack propagation.

The tangent of the slope of the lines in Fig. 3, b 
(–0.0918, –0.0813, –0.0802) corresponds to low-carbon, 
low-alloy ferrite-pearlite class steels (e.g., 09G2S).

The comparison of fatigue resistance in the weld zones 
of S690QL steel (Russia) shows the following results.

• The fatigue curves for all weld zones intersect only 
in the high-stress region (around 500 MPa). However, this 
appears so only due to the scale. In reality, at 500 MPa, 
the number of cycles for the base metal is 230 % higher 
than that for the HAZ and 320 % higher than that for 
the deposited metal. 

• Further reduction in amplitude shows a significant 
divergence in material behavior depending on the weld 

zone. However, the curves for the HAZ and deposited metal 
almost coincide (both in absolute and logarithmic coordi-
nates). If the percentage difference between the fatigue 
characteristics for the pairs “base metal – deposited 
metal” and “base metal – heat-affected zone” is plot-
ted, the resulting graph is shown in Fig. 4. It is evident 
that the HAZ differs less from the base metal compared 
to the deposited metal. Additionally, the percentage dif-
ference for the deposited metal shows a nearly linear 
trend compared to the HAZ. Clearly, the greater the stress 
amplitude, the larger the percentage difference for both 
zones.

For the study of ultrasonic parameter changes, addi-
tional fatigue tests were conducted with stress amplitudes 
of 300, 350, and 450 MPa. It was established that the most 
informative is the pattern of changes in the acoustic 
parameter D. The study of this parameter was conducted 
up to the point of main crack formation. The obtained 
dependencies of the acoustic parameter D on the sample’s 
operating time N/N * (the ratio of the number of cycles 
corresponding to a given point to the number of cycles 
recorded during tensile testing) at the investigated stress 
amplitudes are shown in Fig. 5. 

To determine changes in the magnetic characteris-
tics of the steel based on its operating time, one stress 
amplitude – 350 MPa – was selected. The corresponding 
dependencies are shown in Fig. 6.

The analysis of acoustic parameter changes (Fig. 5) 
shows that for S690QL steel (Russia), a monotonous 
decrease in parameter D is observed up to an operat-
ing time of 0.6 (except for the curve with an amplitude 
of 450 MPa), followed by a slight increase before the for-
mation of the main crack. 

Table 4. Results of low­cycle fatigue tests  
of S690QL steel (Russia) 

Таблица 4. Результаты испытаний на МЦУ  
стали S690QL (Россия)

Weld zone
Stress, MPa

320 360 400 450 480 500
Number of cycles

Base metal 59,000 28,560 12,200 3150 1200 500
HAZ 32,000 13,600 4900 1200 340 150

Deposited 
metal 30,000 12,500 4500 1000 350 120

Fig. 4. Percentage difference for welded joint zones 
in comparison with the base metal: 

1 – HAZ; 2 – deposited metal

Рис. 4. Процентная разность для зон сварного соединения 
в сравнении с основным металлом: 
1 – ЗТВ; 2 – наплавленный металл

Fig. 5. Dependence of acoustic parameter D  
on operating time (N/N *) for steel S690QL (Russia) at MPa: 

1 – 300; 2 – 350; 3 – 450

Рис. 5. Зависимость акустического параметра D  
от наработки (N/N *) для стали S690QL (Россия), МПа: 

1 – 300; 2 – 350; 3 – 450
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Fig. 6 shows the dependencies of magnetic character-
istics during fatigue loading. Overall, the dependencies 
of the coercive force Hc and its ratio to residual magneti-
zation (Hc /Br ) correlate with each other and with changes 
in the acoustic parameter. This dependency remains prac-
tically unchanged with varying stress amplitudes. For 
example, up to an operating time of 0.6, a monotonous 
increase in magnetic characteristics is observed, followed 
by a decrease to initial values in the stage before the for-
mation of the main crack.

A similar pattern of changes in acoustic and magnetic 
parameters with comparable values was obtained for 
09G2S steel [21], which can be explained by the chemi-
cal composition of the steels (both are low-carbon, low-
alloyed) and their structural class (ferrite-pearlite when 
cooled in air).

 Conclusions

The conducted studies have shown that the weakest 
point under fatigue for the steel of X70 strength class is 
the deposited metal, due to the difference in chemical 
composition between the welding wire and the base metal 
(particularly in carbon content: up to 0.2 % for the steel, 
and up to 0.089 % for the wire).

The behavior of the weld zones of the investigated steel 
shows a consistent pattern; however, the fatigue resis-
tance of the deposited metal and the heat-affected zone is 
significantly lower than that of the base metal. No tably, 
the number of cycles during fatigue testing decreases 
more significantly for the deposited metal. It is observed 
that the greater the amplitude stresses, the higher the per-

centage difference between the considered weld zone and 
the base metal.

The dependencies of the acoustic parameter and mag-
netic characteristics (coercive force, and its ratio to resi-
dual magnetization) exhibited extremums at the point cor-
responding to 0.6 of the operating time on the respective 
graphs, indicating the formation of a main crack. Thus, 
the main stage of failure for the steel of X70 strength 
class occurs when 60 % of the resource is expended.
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Аннотация. Авторы исследовали мартенситное превращение в пористых спеченных сталях. При анализе процесса развития мартенсит-

ного превращения учтено влияние двух факторов: обеднение углеродом приповерхностных слоев пор; изменение энергетического 
баланса за счет релаксации напряжений превращения на свободных поверхностях пор. Исследования проводились на образцах пори-
стых сталей с содержанием углерода 1,56 мас. %, полученных после прессования и спекания в атмосфере водорода при температуре 
1200 °С смеси порошков железа ПЖРВ и графита ГК-3. Проводилась также газовая цементация при температуре 1100 °С и гомоге-
низация, позволяющая достигнуть указанного содержания углерода. Закалка образцов проходила в растворе поваренной соли при 
температуре 27 °С. Применялось предварительное подстуживание с температур Аст до 800 °С со скоростью 62 °С/с. Рентгеноспек-
тральный микроанализ распределения углерода выполнялся на установке CAMECA. Microsonde M.S. 46 при диаметре зонда 2 мкм. 
Обнаружено преимущественное образование пластин мартенсита на поверхностях пор, а также близкая к ромбоидальной форма их 
поперечного сечения. Полученные данные о морфологии кристаллов α′-фазы, растущих от пор, и исследования методом рентгеноспек-
трального микроанализа распределения углерода вдоль наиболее крупных пластин мартенсита подтверждают отсутствие каких-либо 
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Abstract. The article is devoted to the study of martensitic transformation in porous sintered steels. When analyzing the process of development 

of marten sitic transformation in porous sintered steel, the influence of two factors was assessed: depletion of carbon in the near-surface layers 
of pores and a change in the energy balance due to relaxation of transformation stresses on free surfaces of the pores. The martensitic trans-
formation was studied in porous steel with a carbon content of 1.56 wt. % obtained after pressing and sintering of a mixture of PZhRV iron 
powders and GK-3 graphite in hydrogen atmosphere at 1200 °C. Gas carburizing at 1100 °C and homogenization helped to achieve the specified 
carbon content. The samples were quenched in a sodium chloride solution at a temperature of 27 °C. Pre-cooling was used from temperatures 
Ast to 800 °C at a rate of 62 °C/s. X-ray microanaly sis of carbon distribution was carried out using the installation CAMECA Microsonde 
M.S. 46 with a probe diameter of two microns. The martensite plates predominantly formed on the pores’ surfaces and their cross section had 
shape close to rhomboidal. The data obtained on the morphology of α′-phase crystals growing from pores and the study by X-ray spectral micro-
analysis of carbon distribution along the largest martensite plates convince us of the absence of any significant changes in carbon content and, 
as a consequence, their influence on development of martensitic transformation in the area of pores is not the leader. For sintered porous steels, 
an irremovable factor in the increase in temperature is the presence of porosity, in contrast to a removable factor – inhomogeneity of the chemical 
composition, which is caused by incompleteness of the alloy homogenization processes, both during sintering and during the austenitization 
process that precedes quenching. 

Keywords: martensite, sintered steel, pores, free surface, quenching, stress relaxation
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 Introduction

The characteristics of martensitic transformation in 
porous sintered steels have been studied in considerable 
detail [1 – 3]. For sintered steels, an increase in the Ms 
point (martensite start temperature) is characteristic as 
porosity (the ratio of pore volume to the total volume 
of the product) increases. This phenomenon is gene-
rally explained by the reduction in resistance to plas-
tic deformation in the γ-phase, which is characteris-
tic of martensitic transformation [1; 4; 5]. However, 
the nucleation of martensite occurs in regions with 
significantly smaller diameters than those of the pores 
and the distances between them, so considering the pro-
perties of steels with normal density allows for a more 
precise understanding of nucleation processes. Additio-
nally, the influence of the free surface on the nuclea tion 
of martensite needs to be studied. Thus, elastic interac-
tions between martensite crystals and the free surfaces 
of pores can play a decisive role in the deve lopment 
of the martensitic reaction in sintered steels. Another 
potential reason for the increase in the Ms point could be 
segregation factors, which often occur in sintered steel 
due to segregation processes and incomplete solubility 
between components [1; 6 ‒ 8]. The factor of decarburi-
zation, leading to a shift in the Ms point due to the forma-
tion of carbides along pore boundaries (near the surface) 
during quenching, cannot be excluded. A similar effect 
has been observed during the precipitation of cemen-
tite and other carbides at grain boundaries. In stu-
dies [9; 10], carbide precipitation was associated with 
grain boundary segregation processes of sulfur, which 
induces carbon mobility. In porous sintered steel, con-
centrations of S and P are ≤ 0.05 % and О2 is ≤ 0.25 %, 
so segregation processes at various types of boundaries 
are also possible. The studies [11; 12] considered mar-
tensitic transformation that can be initiated by carbide 
precipitates during the aging of high-alloy austenitic 
steels. These processes also need to be examined for 
porous sintered steels.

In this study, we examined the martensitic transfor-
mation in sintered steels, considering the potential for 
carbon depletion in areas near the surface of the porous 
material and alterations in the energy balance resulting 
from relaxation processes occurring at the pores.

 Research methodology

The potential influence of chemical composition inho-
mogeneities near the pores on the γ → α transformation 
was evaluated in experiments with samples obtained 
by sintering PZhRV iron and GK-3 graphite powders. 
The pressing and sintering were conducted in a hydrogen 
atmosphere at a temperature of 1200 °C for half an hour, 
resulting in a carbon concentration of 1.25 %, which was 
subsequently increased to 1.56 % during the carburizing 
process at 1100 °C and homogenization annealing. 

Quenching was performed in an aqueous NaCl solu-
tion at a temperature of 27 °C. Pre-cooling was also 
applied before quenching, reducing the temperature from 
above the SE line to 800 °С at a rate of approximately 
62 °C/s.

The carbon distribution was analyzed using X-ray 
microanalysis with a CAMECA Microsonde M.S. 46 sys-
tem with a probe radius of 2 µm.

 Results and discussion

Microstructural analysis revealed that martensite 
crystals predominantly formed at the surfaces of pores, 
with the crystals exhibiting a near-rhomboidal shape 
(Fig. 1, a, b). Twinned crystals ranging in size from 40 
to 60 µm were also observed (Fig. 1, c).

Cooling down induced the precipitation of Fe3C 
at grain boundaries, as well as within the γ-matrix. Con-
sequently, the subsequent quenching led to the forma-
tion of martensite in carbon-depleted austenitic regions 
adjacent to cementite plates, characterized by a mixed 
crystal morphology with a predominant lath structure 
(Fig. 2, a, b). In microvolumes of austenite free from 
cementite precipitates, twinned martensite was observed 
(Fig. 2, b). Near the carbide formations, regions of low-
carbon α′-phase with various morphological types, 
approximately 3 µm in size, were found (Fig. 2, b). De -
carburization near the Fe3C plates was detected, as con-
firmed by X-ray microanalysis (Fig. 3). The thicknesses 
of the decarburized layer near Fe3C, determined by both 
X-ray microanalysis and microstructural analysis, were 
consistent.

In cases where the γ → α′ transition at the pore edge 
is initiated by decarburization, this should be distinctly 

существенных изменений концентрации углерода. Как следствие, их влияние на развитие мартенситного превращения в районе пор не 
является ведущим. Для спеченных порис тых сталей неустранимым фактором повышения температуры является наличие пористости 
в отличие от устранимого фактора неоднородности химического состава, которая обусловлена неполнотой процессов гомогенизации 
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observable in microstructural analysis. However, the mor-
phological analysis of martensite crystals formed from 
the pore, along with the results from X-ray microanalysis 
of carbon concentration near the largest α′-phase crystals 

(Fig. 1, c), did not reveal significant differences in carbon 
content. Consequently, their influence on the γ → α′ tran-
sition process in the pore region appears to be negligible.

The influence of porosity on the transformation 
during quenching was theoretically analyzed, taking 
into account the potential for stress relaxation at the free 
surface of the pores, which occurs during transformation. 
It was assumed that, in the case of heterogeneous nuclea-
tion, part of the free energy associated with interactions 
between martensite and defects remains unchanged in 
the pore region and between the pores. It was considered 
that nucleation from the pore edge would occur if the other 
components of free energy necessary for homogeneous 
nucleation at the pores and between them were identical. 
Additionally, it was assumed that the form of the energy 
function for both cases remains constant. Thus, the free 
energy values were equated for homogeneous nucleation 
at the pores and between them when the nucleus reached 
the critical radius r*.

The martensite crystal was modeled as a flat nucleus 
with elliptical, rectangular, and rhomboidal shapes 
(Fig. 4). Shear deformation was modeled using con-
tinuously distributed dislocations [13 ‒ 15]. The elastic 
shear energy during nucleation can be determined as fol-
lows [16]:

             (1)

Fig. 1. Microstructure of sintered Fe – 1.56 % C steel after quenching: 
а – c – various sections of the microsection

Рис. 1. Микроструктура спеченой Fe – 1,56 % C стали после закалки: 
а – c – различные участки микрошлифа

Fig. 2. Structure of porous Fe – 1.57 % C steel with carbides released during cooling-down: 
а, b – various sections of the microsection

Рис. 2. Структура пористой Fe – 1,57 % C стали с выделениями карбидов при подстуживании: 
а, b – различные участки микрошлифа

Fig. 3. Results of microanalysis (intensity of Kα-radiation C) 
in the perpendicular direction from Fe3C precipitates: 

γ – austenite regions; α′ ‒ martensite edges; θ – cementite regions

Рис. 3. Результаты микроанализа (интенсивности Kα-излучения С) 
в перпендикулярном направлении от выделений Fe3C:

γ – участки аустенита; α′ ‒ оторочки мартенсита; 
θ – участки цементита
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where bi is the Burgers vector of the i-th dislocation 
loop;  is the shear stress induced by the dislocation 
en semble; Yi is the ordinate of the i-th loop plane; Si is 
the cross-sectional area of the plate in the i-th loop plane.

Then,

            (2)

        (3)

where μ is the shear modulus; v is Poisson’s ratio; 
lj is the absolute value of the j-th loop abscissa; 
bi = |Yj – Yj + 1| γx; γx is the macroscopic shear along 
the x-axis (assuming , dilation is not considered).

In the case of growth from a pore (Fig. 4, b) 
of a nucleus with the same cross-sectional area, the elas-
tic energy is determined by similar dependencies:

            (4)

       (5)

Based on the data from [17], it is possible to cal-
culate the value  , which determines the relaxation 
of transformation stresses at the pore edge, and subse-
quently compute the values of Е1(с) and Е2(с), where 
с = a/r (with a and r being the half-thickness and radius 
of the martensite crystal, as shown in Fig. 4). The resul-  
 

ting dependencies, recalculated per unit volume as   
 

and , are illustrated in Fig. 5. It becomes evident  
 

that the shape of the nucleus does not significantly 
impact the obtained data, although the elastic energy dur-
ing nucleation from a pore decreases more markedly in 
the case of a rhomboidal cross-section (Fig. 5, curve 1ʹ). 
Experimentally, such rhomboidal-shaped plates growing 
from pores have been observed (Fig. 1). Therefore, all 
subsequent relationships refer to a plate with a rhomboi-
dal cross-section.

Within the range of 0.1 ≤ с ≤ 0.4 the curves   
 

and  assuming с2  1 with an accuracy of ε < 5 %,  
 

are described by linear equations of the form

Fig. 4. Representation of the cross-section of martensite nuclei 
ofellipsoidal, rectangular and rhomboidal shapes: 

a ‒ continuously located dislocations in a continuous medium; 
b ‒ in the case of formation from a free surface

Рис. 4. Представление поперечного сечения 
зародышей мартенсита эллиптической, 
прямоугольной и ромбовидной форм: 

a ‒ непрерывно расположенные дислокации в сплошной среде; 
b ‒ в случае образования от свободной поверхности

Fig. 5. Dependencies ,  and  for plates 

with a rhomboidal (curves 1, 1ʹ, 1″); rectangle (curves 2, 2ʹ, 2″); 
ellipse (curves 3, 3ʹ, 3″) cross sections

Рис. 5. Зависимости ,  и  для пластин 
 

с поперечным сечением в форме ромба (кривые 1, 1ʹ, 1″); 
прямоугольника (кривые 2, 2ʹ, 2″); эллипса (кривые 3, 3ʹ, 3″)
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          (6)

          (7)

Using the traditional approach [18], the value 
of the “classical” nucleation barrier can be determined 
as follows:

    (8)

From equation (8), the Ms point for nucleation 
at the pore surface (denoted as Т2 in this context) can be 
derived if Т1 is known – the Ms temperature during mar-
tensite formation within the austenite volume between 
pores:

   (9)

where  and  correspond  and  , respectively, 
in the case of nucleation within the austenite volume 
between the pores (index 1) and at the free surface 
of the pores (index 2).

For the values μ = 8·1010 N/m2; v = 0.23; γx = 0.18; 
σ = 0.2 N/m2; Δf  α′ → γ(Т1) = 1.75·108 J/m3 [18] for steels 
with a carbon concentration of 0.4 ‒ 1.2 %, the increase 
in Т2 over Т1 is approximately 75 K.

The following conclusions can be drawn from these 
results:

1. Stress relaxation at the pore surface (Fig. 5) is 
mi nimal compared to the scenario where the crystal is 

inclined relative to the surface (Fig. 6), where the mar-
tensite start temperature would be even higher. The poten-
tial increase in the Ms point depends on the angle α 
(Fig. 6), with the maximum being the equilibrium tem-
perature of the transforming phases. As the angle var-
ies from 90 to 0°, the number of habit planes changes 
by a factor of sin α. In the case of a spherical pore, any 
angle may be equally probable; thus, as α decreases, 
the probability of nucleation from the pore diminishes 
according to the sin α function. The modeling results 
show good agreement with experimental data: in steels 
with a carbon concentration of 0.4 – 1.2 % and a porosity 
of approximately 30 %, the Ms point increases by about 
100 °С [2; 19].

2. As observed from equation (9), the increase in 
Т2 over Т1 for Fe – 0.4 ÷ 1.2 % C steels is independent 
of alloy composition, which is also experimentally con-
firmed [2; 20].

3. The well-known linear dependence of the Ms tem-
perature of sintered steels on porosity can be attributed 
to the approximately linear increase in the specific free 
surface area of the material. The accuracy of experimen-
tal determination of the Ms temperature allows it to be 
fixed only when more than 1 % of the α′-phase volume 
fraction appears, thereby clearly illustrating the depen-
dence of Ms on porosity.

4. Experimental data indicate that for crystals formed 
at an angle of 90° from the pore, the maximum ratio 
of half-thickness to radius was с ≤ 0.23. Theoretically, 
the maximum value is 0.25.

 Conclusions

The calculation results indicate that martensite crys-
tals oriented at a 90° angle to the pore have the highest 
probability of nucleation, with the ratio of their half-
thickness to radius approaching the maximum pos-
sible value. It has been demonstrated that the difference 
in the martensite start temperature between nucleation 
at the pore surface and nucleation between pores is inde-
pendent of the alloy composition. The well-known linear 
dependence of the martensite start temperature on poro-
sity is determined by the increase in the specific free sur-
face area. Therefore, in sintered porous steels, porosity 
is an unavoidable factor that raises the Ms temperature. 
Segregation effects, which arise due to incomplete homo-
genization during sintering or during austenitization prior 
to quenching, can be excluded.
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Аннотация. В России с ее протяженной сетью железных дорог более пяти лет производятся рельсы специального назначения повышенной 

износостойкости и контактной выносливости категории ДТ400ИК из стали с содержанием углерода более 0,8 %. На поверхности катания 
головки дифференцированно закаленных длинномерных рельсов из заэвтектоидной стали после длительной эксплуатации (пропущенный 
тоннаж 187 млн т брутто на экспериментальном кольце) методами просвечивающей электронной микроскопии выявлены морфологи-
ческие составляющие структуры: пластинчатый перлит, фрагментированный перлит, разрушенный пластинчатый перлит, глобулярный 
перлит, полностью разрушенный перлит, субзеренная структура. Проведена количественная оценка вкладов упрочнения, обусловленных 
трением кристаллической решетки, твердорастворным упрочнением, упрочнением за счет перлита, упрочнением некогерентными части-
цами цементита, границами зерен и субграницами, дислокационной субструктурой и внутренними полями напряжений. Установлена 

  gromov@physics.sibsiu.ru
Abstract. In Russia, with its extensive railway system, for more than 5 years, special-purpose rails of increased wear resistance and contact endu rance 

of the DH400RK category were produced from steel with a carbon content >0.8 %. On the head rolling surface of differentially hardened long 
rails made of hypereutectoid steel after long-term operation, transmission electron microscopy methods revealed the morphological components 
of the structure: lamellar pearlite, fragmented pearlite, destroyed lamellar pearlite, globular pearlite, completely destroyed pearlite, subgrain structure. 
The contribution of hardening due to: lattice friction, solid solution hardening, pearlite hardening, incoherent cementite particles, grain boundaries and 
subboundaries, dislocation substructure and internal stress fields were quantified. A hierarchy of these mechanisms was made and it was noted that 
for the fillet surface of the rail head, the main hardening mechanism is hardening by incoherent particles, as well as mechanisms caused by internal 
long-range (local) stresses, internal shear stresses (“forests” of dislocations) and substructural hardening. For the rolling surface along the central axis 
of the rail head, the main role in hardening belongs to long-range stress fields (especially its elastic component), hardening by incoherent particles and 
substructural hardening. Taking into account the volume fractions of the morphological components and their yield strength, the additive yield strength 
on the head rolling surface in the center and on the fillet was determined: 7950 and 2218 MPa, respectively. The paper presents a physical interpretation 
of the difference in values of the additive yield strength on the rolling surface of the rail head in the center and on the fillet. 

Keywords: rolling surface, rails, fillet, hardening mechanisms, additive yield strength, hypereutectoid steel
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 Introduction

Rails are predominantly removed from service due 
to contact fatigue damage and surface wear [1; 2]. In 
recent years, with increasing railway traffic speeds and 
axle loads, the operational durability requirements for 
rails have become more demanding [3 – 5]. From both 
practical and fundamental perspectives, the development 
of special-purpose rails with enhanced performance cha-
racteristics is of significant importance [6 – 8]. In Rus-
sia, home to one of the world’s longest railway networks, 
this challenge has been addressed since 2018 through 
the production of long, differentially hardened rails with 
improved wear resistance and contact fatigue strength, 
classified as DT400IK [9]. These rails are manufactured 
from steel containing more than 0.8 wt. % carbon, which 
ensures the formation of a subgrain structure with a high 
density of low-angle boundaries in the surface layer. 
Modern physical materials science techniques, particu-
larly transmission electron microscopy [10 – 12], are 
employed to monitor changes in structure, phase com-
position, and defect substructure that lead to the degra-
dation of mechanical properties [13 – 15]. Impro ving 
the technology for special-purpose rail production and 
ensuring high-performance properties requires a deep 
understanding of the physical nature and evolution 
trends of the structural-phase states and fine substruc-
ture in the surface layers of rails [16 – 18]. Such data 
are crucial for reliably achieving the target of transport-
ing up to 2 billion tons [19 – 21]. Analysis conducted on 
rails made of hypoeutectoid steel with carbon content 
below 0.8 wt. % – as presented in [22 – 25] – has enabled 
the quantification of physical hardening mechanisms, 
the establishment of their hierarchy, and the determina-
tion of overall yield strength. However, there is a notable 
lack of studies focused on rails made of hypereutectoid 
steel.

The objective of this study is to compare the defor-
mation hardening mechanisms of the rolling surface and 

fillet of special-purpose DH400RK rails after they have 
been in operation on the Russian Railways (RZD) test 
circuit at Scherbinka, following a tonnage of 187 million 
tons (gross).

 Materials and methods

The internal structure and phase composition were 
studied on samples of differentially hardened DH400RK 
category rails, made from E0.9C–Cr–N–V–Fe grade steel 
produced by EVRAZ ZSMK, after they had undergone 
a tonnage of 187 million tons (gross) at the Russian 
Railways (RZD) test circuit. The chemical composition 
of E90HAF rail steel, according to GOST 5185 – 2013 
and TS 24.10.75111-298-057576.2017, included the fol-
lowing main elements, wt. %: 0.92 С, 0.4 Si, 1.0 Mn, 
0.3 Cr, 0.14 V, with iron as the base. The mechanical 
properties are as follows: yield strength – over 900 MPa, 
tensile strength – 1350 MPa. relative elongation – 9.0 %, 
relative reduction – 18 %, impact toughness – 15 J/cm2, 
and hardness on the rolling surface of the rail head – 
400 – 450 HB.

The rolling surface and fillet of the rail head were 
investigated (Fig. 1) using transmission electron micro-
scopy (TEM) on thin foils with a JEM-2100 electron 
microscope (Jeol, Japan) [26 – 28].

To evaluate the hardening mechanisms that contri-
bute to the yield strength in the studied steel, each sam-
ple was analyzed for structural morphological features, 
phase composition, and fine structure parameters, includ-
ing the volume fractions of morphological constituents 
Pv . The localization of the carbide phase (cementite) 
was identified, and for each specific location, the shape, 
size (d), particle spacing (r), and volume fraction (δ) 
of the partic les were determined. In each morphological 
component, as well as in the material as a whole, the sca-
lar ρ and excessive ρ± dislocation densities were calcu-
lated, along with the amplitudes of internal stresses gen-
erated by them – namely, shear stresses (σf , or “forests” 

иерархия этих механизмов и отмечено, что для поверхности скругления (выкружки) головки рельсов основным механизмом упрочнения 
является упрочнение некогерентными частицами, а также механизмы, обусловленные внутренними дальнодействующими (локальными) 
напряжениями, внутренними напряжениями сдвига («леса» дислокаций) и субструктурным упрочнением. Для поверхности катания по 
центральной оси головки рельсов основная роль в упрочнении принадлежит упрочнению дальнодействующими полями напряжений 
(особенно ее упругой компонентой), упрочнению некогерентными частицами и субструктурному упрочнению. С учетом объемных долей 
морфологических составляющих и их предела текучести определен аддитивный предел текучести на поверхности катания по центру 
головки и выкружке. Он составил 7950 и 2218 МПа для центра головки и выкружки. Представлена физическая интерпретация различия 
значений аддитивного предела текучести на поверхности катания головки рельсов в центре и на выкружке. 

Ключевые слова: поверхность катания, рельсы, выкружка, механизмы упрочнения, аддитивный предел текучести, заэвтектоидная сталь
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of dislocations) and long-range stresses (σl ), which arise 
in regions with an excess dislocation density. All quan-
titative parameters of the fine structure were measured 
within each morphological component and statistically 
processed, with the mean values presented in Table  1 
(where D1 represents the fragment or subgrain size; 

χ, χpl and χel represent the curvature-torsion amplitude 
of the crystal lattice and its plastic and elastic compo-
nents, respectively;  and  are the amplitudes of inter-
nal long-range stresses and their plastic and elastic com-
ponents.

The technique for determining these quantitative 
parameters is detailed in [9; 29]. 

 Results and discussion

The studies have shown that regardless of the location 
on the rail head surface (Fig. 1) the following morpholo-
gical components are observed in the structure: lamellar 
(ideal) pearlite with parallel alternating lamellae of fer-
rite and cementite; fragmented lamellar pearlite, in which 
dislocation walls across the di-rection of α-phase plates 
are formed; destroyed lamellar perlite with bent, cut 
and crushed Fe3C lamellae; globular pearlite in the form 
of grains with globular Fe3C particles, subgrain struc-
ture – small equiaxed fragments with cementite particles 
along the boundaries and in the junctions. The images 
of these morphological components are consistent with 
those observed for rails made of hypoeutectoid steel, as 
shown in [1].

A different type of structure was identified on the fillet 
surface – a completely destroyed structure. This structure, 
characterized by completely destroyed pearlite colonies, 

Table 1. Quantitative parameters of the structure of hypereutectoid rail steel  
on the rounding surface of the rail head (fillet) 

Таблица 1. Количественные параметры структуры заэвтектоидной рельсовой стали  
на поверхности скругления головки рельса (выкружки)

Parameters
Perlite Destroyed 

structure
Subgrain 
structureideal fragmented destroyed globular

Pv , % 5 20 10 3 60 2
D1 , nm – 80×125 – – – 90

ρ·10–10, cm–2 6.5 4.3 4.5 3.0 6.6 1.4
σf , MPa 510 415 425 345 515 235

χ = χpl + χel , cm–1 765 + 0 1075 + 75 805 + 0 740 + 0 1650 + 95 350 + 390
ρ±·10–10, cm–2 3.1 4.3 3.2 3.0 6.6 1.4

σl =  + , MPa 350 + 0 415 + 120 355 + 0 345 + 0 515 + 150 235 + 625

Fe3C  
(at the 

boundaries)

d, nm – 15×95 – – – 5×35
r, nm – 105 – – – 85
δ, % – 0.7 – – – 0.05

Fe3C  
(inside)

d, nm 15 5×15 20×110 45 8×30 –
r, nm 80 40 120 100 40 –
δ, % 12.0 0.1 1.2 2.3 0.4 0

Fe3C  
(at subgrain 
junctions)

d, nm – – – – – 20
r, nm – – – – – 115
δ, % – – – – – 0.15

Fig. 1. Schematic representation of a rail sample after passing 
a tonnage of 187 million tons, indicating the places used 

to study the structure: 
1 – rolling surfaces and rounding of the rail head (fillet) 

Рис. 1. Схематическое изображение образца рельса 
после пропущенного тоннажа 187 млн т с указанием мест, 

использованных для исследования структуры: 
1 – поверхности катания и скругления головки рельса (выкружки)
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contains small, chaotically arranged carbide particles 
(Fe3C) with an acicular shape and a high scalar disloca-
tion density (Fig. 2, а).

The material on the rolling surface in the head cen-
ter predominantly consists of a subgrain structure (90 %) 
(Fig. 2, b), while this structure accounts for only 2 % 
of the fillet surface. The research demonstrated that, in all 
morphological components, the dislocation structure type 
remains consistent: the dislocation substructure is repre-
sented by dense dislocation arrays. In all morphological 
components, there are bend extinction contours, origi-
nating from interfaces of pearlite grains and colonies, 
cementite plates in pearlite grains, fragment and sub-
grain boundaries, carbide particles (cementite) of lamel-
lar and rounded shapes located on the boundaries and 
within the dislocation fragments and subgrains, junctions 
of subgrains, and the dislocation substructure. 

Calculations presented in [9] indicate that, in the fil-
let surface layer, within the ideal, destroyed, and globu-
lar pearlite, the scalar density of dislocations ρ is higher 
than the excess density of dislocations ρ± , as determined 
from the width of the bend extinction contours (Table 1), 
meaning that ρ > ρ± and, accordingly, σl < σf . This indi-
cates that the curvature-twist of the crystal lattice in these 
morphological components is purely plastic in nature. In 
fragmented pearlite, as well as in completely destroyed 
and subgrain structures, the value ρ is smaller than the cal-
culated value of ρ± , meaning ρ < ρ± and, σf < σl , which 
implies that the curvature-twist of the crystal lattice in 
these components is elastic-plastic in nature. However, 
in fragmented pearlite and completely destroyed struc-
tures χpl  χel , whereas in the subgrain structure χpl ≈ χel 
(Table 1).

In the surface layer of the rail head center, the value 
ρ in all morphological components was found to be 
smaller than the value of ρ± calculated based on the width 
of extinction contours [9] (Table 2). This indicates that 
the curvature-twist of the crystal lattice in all morpho-
logical components is elastic-plastic, with χ = χpl + χel . 

In the subgrain structure, which occupies the majority 
of the material, χel is nearly three times greater than χpl .

In the surface layer of the rail head, elastic-plastic 
curvature-twist of the crystal lattice is observed across 
all morphological components. Notably, in the sub-
grain structure, which makes up 90 % of the material, 
the valu es of χ and σl are the highest, while the value 
of σpl is more than an order of magnitude smaller than 
that of σel (Table 2). This explains the presence of micro-
cracks in these areas.

The quantitative results presented in Tables 1 and 2 
served as the basis for calculating the additive (total) 
yield strength in each morphological component and 
for the material as a whole. It is important to note that 
individual mechanisms contribute differently to overall 
strengthening, as these are influenced by various fac-
tors in each case [30 – 32]. Therefore, when estimating 
the additive yield strength σad , it is crucial to consider 
the volume fractions Pv of each morphological compo-
nent σi 

              

where Рi and σi are volume fractions and yield strength 
of each morphological component of the structure. 

Previously, it was assumed that the additive yield 
strength could be determined by simply summing the cont-
ribu tions of individual hardening mechanisms [30]. Howe-
ver, it has now been demonstrated that, in some cases, 
these values should be summed using a quadratic appro-
ximation [31; 32]. This approach is particularly rele vant 
for the mechanisms Δσf and Δσg , which act locally and 
inhomogeneously within the grains. Thus, 

where Δσn = 35 MPa [9] represents the friction stress 
of dislocations in the crystal lattice of α-iron; Δσs refers 

Fig. 2. TEM images of a completely destroyed (a) and subgrain structure (b) 

Рис. 2. ПЭМ-изображения полностью разрушенной (а) и субзеренной структуры (b)



Известия вузов. Черная металлургия. 2024;67(4):424–432.
Попова Н.А., Громов В.Е.и др. Физика упрочнения поверхности катания головки рельсов из заэвтектоидной стали после эксплуатации

428

to solid solution hardening (the hardening of ferrite solid 
solution by dissolved alloying elements); Δσg denotes 
grain boundary hardening (due to grain boundaries); 
Δσor is the hardening of material by incoherent particles 
as dislocations bypass them via the Orowan mechanism; 
Δσperl represents hardening due to pearlitic component 
(barrier inhibition within pearlitic colonies); Δσss refers 
to substructural hardening (due to intraphase boundaries) 
the formula contains no such values); Δσf is the harden-
ing by the “forest” of dislocations that cut glide disloca-
tions (internal shear stress); and Δσl represents harden-
ing by long-range stress fields (internal moment or local 
stresses), with Δσl = Δσel + Δσpl , where Δσel is the elastic 
component and Δσpl is the plastic component of long-
range stresses.

The contributions of these hardening mechanisms 
were qualitatively assessed using the formulas given 
in [29; 31; 32], and the results are presented in Tables 3 
and 4.

The analysis of data from Tables 3 and 4 shows that 
the strength of the steel is multifactorial, with physical 
mechanisms that are cumulative in nature. For the fillet 
surface, the primary hardening mechanism is Orowan 
strengthening (Δσor ). This is primarily because the com-
pletely destroyed structure occupies the majority (60 %) 
of the fillet surface. The contributions from long-range 
stress fields (Δσg ) and the stresses from the “forest” 
of dislocations (Δσf ) are also significant. The emerg-
ing subgrain structure forms numerous grain junctions, 

leading to an increase in the sources of extinction con-
tours and, consequently, a growth in Δσg . However, since 
the volume fraction of the subgrain structure (Pv ) is low 
(2 %), its contribution to the strengthening of the fil-
let surface is minimal. The strengthening is primarily 
due to the fragmented substructure and the completely 
destroyed structure. The additive yield strength at the fil-
let surface is 2218 MPa. 

For the central part of the rolling surface of the rail 
head, the additive yield strength is much higher, reaching 
7950 MPa. The main hardening mechanisms (Table 4) 
include strengthening by internal elastic local stresses, 
substructural strengthening, and strengthening by inco-
herent particles.

The significant difference in the values of additive 
yield strength ( ) can be explained by the fact 
that, in the head center’s rolling surface, the volume frac-
tion of the subgrain structure is 45 times higher than that 
in the fillet. The subgrains form in the nanometer size 
range, leading to a high density of sub-boundaries and 
junctions (primarily triple junctions) of subgrains, which 
are the sources of extinction contours (mainly elastic). 
These contours result in high values of internal long-
range stresses, with the elastic component being more 
than an order of magnitude higher than the plastic one. 
This combination determines the final effect. On the fil-
let surface, the main morphological components are de-
stroyed pearlite and a completely destroyed structure 
with low-density boundaries. 

Table 2. Parameters of the fine structure of pearlite in the rolling surface center

Таблица 2. Параметры тонкой структуры перлита в центре поверхности катания

Parameters
Perlite Subgrain 

structureideal fragmented destroyed globular
Pv , % ~1 10 0 0 90

D1 , nm – 50×160 – – 80
ρ·10–10, cm–2 8.3 5.0 – – 3.6

σf , MPa 575 445 – – 380
χ = χpl + χel , cm–1 2075 + 25 1250 + 1430 – – 900 + 2660

ρ±·10–10, cm–2 8.3 5.0 – – 3.6

σl =  + , MPa 575 + 40 445 + 2280 – – 380 + 4255

Fe3C  
(at the 

boundaries)

d, nm – 15 – – 15
r, nm – 40 – – 30
δ, % – 0.6 – – 1.0

Fe3C  
(inside)

d, nm 15×20 15 – – 10
r, nm 40 35 – – 35
δ, % 1.1 0.7 – – 0.2

Fe3C  
(at subgrain 
junctions)

d, nm – – – – 20
r, nm – – – – 100
δ, % – – – – 0.01
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 Conclusions

Transmission electron microscopy was used to reveal 
the morphological components of the rolling surface 
of the rail head made of hypereutectoid steel, both 

at the center and in the fillet. The identified components 
include lamellar pearlite, fragmented pearlite, destroyed 
lamellar pearlite, globular pearlite, completely destroyed 
pearlite, and subgrain structure. We conducted a quan-
titative analysis of hardening mechanisms and assessed 

Table 3. Contribution of various mechanisms to hardening of hypereutectoid rail steel in various morphological components 
and in general according to the material of the rounding surface of the rail head (fillet) 

Таблица 3. Величины вкладов различных механизмов в упрочнение заэвтектоидной рельсовой стали 
в различных морфологических составляющих и в целом по материалу поверхности скругления 

головки рельса (выкружки)

Contributions
Perlite Destroyed 

structure
Subgrain 
structure

In the 
materialideal fragmented destroyed globular

Pv , % 5 20 10 3 60 2 100
∆σp , MPa 35 35 35 35 35 35 35
∆σs , MPa 80 180 80 80 150 90 142
∆σg , MPa – – 205 360 195 – 148

∆σperl , MPa 965 – – – – – 48
∆σss , MPa – 1465 – – – 1665 326
∆σor , MPa – 1125 340 200 805 580 760
∆σf , MPa 510 415 425 345 515 235 475
∆σpl , MPa 350 415 355 345 515 235 467
∆σel , MPa 0 120 0 0 150 625 127
∆σl , MPa 350 535 355 345 665 860 587

∑∆σi , MPa 1699 3482 1214 1163 2026 3261 2218
∑∆σiPi , MPa 85 696 121 35 1216 65 2218

Table 4. Contribution of various mechanisms to hardening of rail steel in various morphological components  
and in general for the material in the rail head center

Таблица 4. Величины вкладов различных механизмов в упрочнение рельсовой стали 
в различных морфологических составляющих и в целом по материалу в центре головки рельса

Contributions
Perlite Subgrain 

structure
In the 

materialideal fragmented destroyed globular
Pv , % ~1 10 0 0 90 100

∆σp , MPa 35 35 – – 35 35
∆σs , MPa 80 210 – – 210 210
∆σg , MPa – – – – – 0

∆σperl , MPa 1120 – – – – 10
∆σss , MPa – 1430 – – 1875 1830
∆σor , MPa – 1070 – – 1435 1400
∆σf , MPa 575 445 – – 380 390
∆σpl , MPa 575 445 – – 380 390
∆σel , MPa 40 2280 – – 4255 4060
∆σl , MPa 615 2725 – – 4635 4450

∑∆σi , MPa 2077 5506 – – 8206 7957
∑∆σiPi , MPa 21 551 7385 7957
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the contributions from lattice friction, solid solution hard-
ening, pearlite hardening, incoherent cementite particles, 
grain boundaries and sub-boundaries, dislocation sub-
structure, and internal stress fields. For the fillet surface, 
we established that the main hardening mechanism is due 
to incoherent particles, along with mechanisms based on 
internal long-range (local) stresses, internal shear stresses 
(“forests” of dislocations), and substructural hardening. 

For the central part of the rolling surface, the primary 
hardening mechanisms are long-range stress fields, inco-
herent particles, and substructural hardening. We deter-
mined the additive yield strength at the rolling surface and 
explained the difference in its values between the head 
center and the fillet.
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Аннотация. Наплавка, как и сварка, связана с нагревом металлов в широком интервале температур и последующим охлаждением нагретых 

зон с разными скоростями. Это приводит к сложным структурным и фазовым изменениям, имеющим определяющее значение для 
эксплуа тационных свойств соединения защищаемый материал – покрытие. Строение и свойства зоны сплавления этих двух материалов 
зависят от степени проплавления, характера возникающих промежуточных слоев и диффузии углерода в приграничных участках. При 
наплавке на низкоуглеродистую сталь, в зависимости от состава наплавляемого металла, в зоне сплавления могут получаться струк-
туры с превалирующим количеством мартенсита или аустенита в зависимости от содержания углерода. В работе исследовали структуру 
и механические свойства биметаллического соединения углеродистая сталь – нержавеющая сталь в зависимости от режимов электро-
дуговой наплавки (под флюсом за один проход, в аргоне за один и два прохода). Установлено, что структурно-фазовый состав наплав-
ленного металла – аустенит, мелкодисперсные карбиды и игольчатая составляющая. Структура наплавленного в аргоне за один проход 
слоя является более однородной и не содержит макродефектов. Микротвердость плавно увеличивается по глубине наплавленного слоя. 
В результате наплавки в аргоне за два прохода соединение имеет однородную микроструктуру, но в слое образуется большое количество 
микродефектов, которые в дальнейшем могут привести к образованию трещины вблизи границы сплавления. При наплавке под флюсом 
скорость нагрева и удельное тепловложение недостаточны, поэтому наплавочная ванна плохо перемешивается, что приводит к неопти-

  shgv@ispms.ru
Abstract. Surfacing, like welding, is associated with heating metals in a wide range of temperatures and subsequent cooling of heated zones at different 

rates. This leads to complex structural and phase changes that are crucial for operational properties of the “protected material – coating” joint. 
The structure and properties of the alloyage zone of these two materials depend on the degree of penetration, nature of the intermediate layers that 
arise, and carbon diffusion in the boundary areas. When surfacing on low-carbon steel, depending on the composition of the deposited metal, the struc-
tures with a predominant amount of martensite or austenite can be obtained in the alloyage zone, depending on carbon content. The structure and 
mechanical properties of the bimetallic joint between carbon steel and stainless steel were studied depending on the modes of electric arc surfacing 
(submerged arc surfacing in one pass, in argon for one and two passes). It was established that the structural and phase composition of the deposited 
metal is austenite, finely dispersed carbides and a needle component. The structure of the layer deposited in argon in one pass is more homogeneous 
and does not contain defects. The microhardness increases smoothly along the depth of the deposited layer. As a result of surfacing in argon in two 
passes, the joint has a homogeneous microstructure, but a large number of microdefects are formed in the layer, which can further lead to the formation 
of a crack near the alloyage boundary. In submerged surfacing, the heating rate and specific heat input are insufficient, therefore, the surfacing bath is 
poorly mixed, which leads to a suboptimal structure and the formation of thermal stresses at the alloyage boundary and to the formation of a coating 
that is heterogeneous in structure and microhardness. 

Keywords: electric arc welding, wire, structure, microhardness, defects, martensite, widmanstatten structure, scanned images
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 Introduction

In many industries, such as chemical, nuclear, aero-
space, and others, the structural strength of components 
is often determined by the materials’ resistance to aggres-
sive environments. Technically, this challenge can be fully 
addressed by using corrosion-resistant materials [1 – 3]. 
However, from an economic stand-point, such a solu-
tion may not always be rational, particularly in applica-
tions like the secondary coolant circuits in nuclear power 
plants. While corrosion-resistant steel is essential for 
manufacturing pipelines, high-quality carbon steels can 
be used for valves and some pump components, provided 
that anticorrosion coatings are applied to the surfaces 
exposed to the coolant [4]. One of the most widespread 
and effective methods for applying such coatings is elec-
tric arc surfacing [5 – 7]. Currently, the scientific prin-
ciples of electric arc surfacing are well established, and 
numerous modifications of this method exist. Electric arc 
surfacing is easily mechanized, ensuring high producti-
vity. It allows for the uniform application of metal layers 
with the desired physical and mechanical properties, thus 
fulfilling the required technological objectives [8 – 12]. 
In the present study, the goal was to protect valves made 
of low-carbon steel from aggressive liquids. Challenges 
arose when transitioning from previously used surfacing 
materials to new ones. 

Surfacing, like welding, involves heating met-
als over a wide temperature range and subsequently 
cooling the heated zones at different rates. This leads 
to complex structural and phase changes, which play a 
critical role in determining the operational properties 
of the “protected material – coating” joint [15]. The coat-
ing is formed during the crystallization of the molten 
electrode metal and the fused base metal, acquiring a 
cast structure. The cha racteristics of the aloyage zone 
between the deposited layer and the base material are 
particularly important for the properties and performance 
of the coating, especially when they differ in composi-
tion and structural class. The aloyage zone determines 
the reliability of the bond between the deposited metal 
and the base material [14 – 16]. The base material is 
low-carbon steel, while the deposited metal is stainless 
steel. The structure and properties of the aloyage zone 
between these two mate rials will depend on the degree 
of penetration, the nature of the intermediate layers that 

form, and carbon diffusion in the boundary areas [17; 18]. 
When surfacing low-carbon steel, depending on the com-
position of the depo sited metal, the aloyage zone may 
develop structures with a predominant amount of mar-
tensite or austenite, depen ding on the carbon content. 
The deposited metal, depen ding on the chromium and 
nickel content, may exhibit an austenitic or austenitic-
ferritic structure. If the nickel and chromium content is 
insufficient, the deposited metal may develop a secon-
dary austenitic-martensitic structure [4; 8; 19]. The prop-
erties of the depos-ited metal and the resulting struc-
ture of the surfacing layer are significantly influenced 
by the mixing of the base metal and the electrode mate-
rial. Generally, minimal mixing of the deposited metal 
with the base metal is desired. When stainless steels are 
deposited onto unalloyed steel, a sharply defined transi-
tion zone often forms between the deposited and base 
metals, with a relatively wide width [20; 21].

This study investigates the influence of various elect-
ric arc surfacing methods on the structure and mechani-
cal properties of the bimetallic joint between carbon steel 
and stainless steel.

 Materials and methods

The study investigated the structure and proper-
ties of coatings obtained through mechanized surfacing 
using consumable electrodes made of solid stainless steel 
wire with an Fe – C – Cr – Ni – Si – Mn alloying system. 
The wire had a diameter of 1.8 mm, and various num-
bers of layers were applied using the following methods: 
submerged arc surfacing (1 pass), argon arc surfacing 
(1 pass), and argon arc surfacing (2 passes). The chemical 
composition of the Fe – C – Cr – Ni – Si – Mn wire was as 
follows, in wt. %: ≤0.12 С; ~15.0 Cr; ~0.8 Mn; ~4.5 Si; 
~8.5 Ni; <0.04 S; <0.04 P; with the remainder being iron.

Surfacing was performed on specimens of high-qua-
lity carbon steel 20 with dimensions of 50×15×10 mm 
(length × width × height). 

To study the microstructure, cross-sectional samples 
were prepared from each specimen after each surfacing 
mode. The preparation of the samples involved mechani-
cal grinding, mechanical polishing on a synthetic dia-
mond material, transitioning from coarse to fine diamond 
powder, and chemical etching [8; 10; 22]. The study 
of the structure and the measurement of the microhard-
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ness of the “coating – base metal” joint were performed 
on polished samples according to the scheme presented 
in Fig. 1. 

Structural investigations were conducted using optical 
microscopy (OM) and atomic force microscopy (AFM) 
with Neophot-21 and Solver PH47-PRO microscopes, 
respectively [22]. Microhardness measurements were 
carried out using a PMT-3 microhardness tester under 
a load of 0.1 N.

 Results and discussion

A visual inspection of the unetched crosssections from 
the three variants showed no macrodefects, such as pores 
or cracks, in the surfaced layers. However, scan images 
of the etched crosssections obtained with an atomic force 
microscope (AFM) revealed that, in all surfacing modes, 
rare isolated microdefects in the form of spherical pores 
were predominantly present at the aloyage boundary 
between the stainless steel and steel 20 (Fig. 2). Profilo-
grams constructed using the sectioning method allowed 
for determining their morphology and size. The maxi-
mum dimensions of the micropores in the longitudinal 
and transverse directions were 10 and 15 µm, respec-
tively. However, due to their small size, they are not clas-
sified as surfacing defects.

The structure of the base metal (region 5) in all cases 
corresponds to the structure of low-carbon steel 20 
(Fig. 3), characterized by polyhedral grains of fer-
rite and pearlite, with an average grain size of approxi-
mately 52 µm, corresponding to a grain number of 5 to 6. 
The microhardness was HV0.1 = 1320 MPa. 

The deposited metal formed in all three surfacing 
variants can be conventionally divided into four regions, 
with the thickness of these regions varying depending 
on the surfacing mode. Point 4 corresponds to the aloyage 

boundary (the dark layer in Fig. 4) and the heat-affected 
zone (HAZ). In the HAZ, a Widmanstatten structure is 
observed adjacent to the aloyage boundary. Directly 
at the aloyage line, a decarburized layer with the lowest 
hardness (HV0.1 = 1000 MPa) was detected. The thick-

Fig. 1. Diagram of typical connection zones for metallographic studies: 
1 – deposited roller; 2 – the upper part of deposited metal;  

3 – the lower part of deposited metal; 4 – alloyage zone of roller and 
base metal; 5 – base metal; 6 – microhardness measuring line

Рис. 1. Схема характерных участков соединения для проведения 
металлографических исследований: 

1 – наплавленный валик; 2 – верхняя часть наплавленного металла; 
3 – нижняя часть наплавленного металла;  

4 – зона сплавления валика и основного металла;  
5 – основной металл; 6 – линия измерения микротвердости

Fig. 3. Structure of 20 steel

Рис. 3. Структура стали 20

Fig. 2. Topography of defects near the alloyage boundary (AFM)  
(3D images) 

Рис. 2. Топография дефектов вблизи границы сплавления (АСМ) 
(3D изображения)
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ness of this layer in the sample processed according 
to variant 1 was approximately 100 µm, and in variant 2, 
it reached a maximum of 120 µm. In the sample surfaced 
using mode 3, the decarburized layer was not detected, 
with only small, very rare areas up to a maximum depth 
of 15 µm observed.

In the surfacing conducted according to variant 1, 
the phase composition is primarily austenite, with va rying 
morphology and size of structural elements (Fig. 4, a). 
The extent of characteristic regions of the joint (ΔL) 

and the corresponding microhardness values are indi-
cated in the table (measured from the upper, or free, 
surface of the surfacing; see the diagram in Fig. 1). 
In region 3, the austenite grains contain a acicular com-
ponent that could not be precisely identified. Most likely, 
these are martensitic needles, as evidenced by the high 
micro-hardness values (Fig. 5): the microhardness in 
region 3 is nearly twice that of regions 1 and 2, reaching 
HV0.1 ≈ 6500 MPa. Isolated micropores were found near 
the boundary.

Values of microhardness in deposited layer

Значения микротвердости в наплавленном слое

Region
НV0,1 , MPa ∆L, µm НV0,1 , MPa ∆L, µm НV0,1 , MPa ∆L, µm

Variant 1 Variant 2 Variant 3
1 3300 1680 2060 1000 2800 4200
2 3550 1400 2500 3500 3000 3900
3 5100 2100 3100 1050 3500 2100
4 6500 8 4200 60 4600 50

Fig. 4. Structure of deposited layer (Fig. 1), made according to option 1 – 3 (a – c):
1 – deposited roller; 2 – the upper part of deposited metal; 3 – the lower part of deposited metal; 4 – alloyage zone of roller and base metal

Рис. 4. Структура наплавленного слоя (см. рис. 1), выполненного по варианту 1 – 3 (а – c): 
1 – наплавленный валик; 2 – верхняя часть наплавленного металла; 3 – нижняя часть наплавленного металла; 

4 – зона сплавления валика и основного металла
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The microstructure of the deposited metal in the joint 
obtained using variant 2 is more homogeneous than that 
of the sample from variant 1 (Fig. 4, b). The microhard-
ness changes relatively smoothly with depth, reach-
ing its maximum only at the aloyage boundary (Fig. 5, 
Table). The aloyage zone (heavily etched region 4) is 
approximately 60 µm thick, with a hardness 1.5 times 
higher than the average hardness of the deposited metal, 
though significantly lower than in the sample surfaced 
using va riant 1 (6500 MPa). The phase composition 
of the deposited metal includes austenite and fine-dis-
persed carbides, with a acicular component appearing 
near the aloyage boundary. Overall, the joint obtained 
using variant 2 is the most refined, free of defects such 
as microcracks in the deposited metal and at the aloyage 
boundary.

The structure of the deposited metal surfaced using 
variant 3 is more homogeneous than that of the sample 
from variant 1 and is similar to the structure of the sample 
from variant 2, despite the use of two-pass surfacing here 
(Fig. 4, c). The microhardness in the main part of the sur-
facing (more than 80 %) does not significantly change with 
depth. In the remaining 20 % of the surfacing thickness, 
it increases by approximately 15 %, reaching a maximum 
in the boundary area (see Table). The aloyage boundary 
itself (heavily etched region) is about 50 µm thick, with 
a hardness 1.5 times higher than the average hardness 
of the deposited metal (Fig. 5). Overall, the joint from 
variant 3 has a good homogeneous microstructure, but 
the largest number of micropores formed in the deposited 
metal near the boundary.

Submerged arc surfacing (variant 1) results in a coa-
ting with a heterogeneous structure and microhard-

ness. Isolated micropores were found in the coating 
near the aloyage line with the base metal. In this part 
of the coating, there is an increased content of quenched 
(acicular) structures.

Based on the macro- and microstructural analysis 
of the surfaced layers, it was established that the most 
refined structure is found in the sample processed using 
variant 2 – argon arc surfacing in one pass. The struc-
ture of the deposited metal consists of austenite, fine-dis-
persed carbides, and a acicular component near the aloy-
age boundary. The microhardness of the surfaced layer 
changes smoothly with depth, reaching maximum valu es 
only at the aloyage boundary. No microdefects were 
found.

The analysis of the structural-phase composition 
of the metal surfaced using variant 3 – argon arc sur-
facing in two passes – showed that the joint has a good 
homogeneous microstructure; however, the largest num-
ber of micropores was found in the layer surfaced dur-
ing the first pass near the aloyage boundary. An increased 
content of acicular structures and, consequently, higher 
microhardness were also observed in this area.

 Conclusions

The study established that during surfacing, carbon 
diffuses into the deposited metal, leading to the formation 
of carbides and the development of hardened structures, 
such as an acicular structure. In the heat-affected zone, 
a Widmanstatten structure forms, characterized by fine 
needles extending from ferritic plates. The base metal 
structure remains ferrite-pearlite. 

In submerged arc surfacing, the heating rate and spe-
cific heat input are insufficient, resulting in poor mixing 
of the weld bath. This leads to a suboptimal structure and 
the formation of thermal stresses at the aloyage bound-
ary. A similar issue arises in two-pass surfacing, where 
the lower layer is not fully penetrated. 
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Abstract. The molecular dynamics method was used to study the structure formation during austenite nanoparticles crystallization in the presence of carbon 

impurities. The paper describes the dependence of the melt cooling rate, particle size, concentration of carbon atoms in the particle on the resulting 
structure features during crystallization and temperature of the crystallization onset. Formation of the nanocrystalline structure of nanoparticles can 
be controlled by varying the cooling rate and introducing a carbon impurity: at a cooling rate above 1013 K/s in the model used, crystallization did not 
have time to occur; at a rate below 5·1012 K/s, the austenite particle crystallized to form a nanocrystalline structure. At the same time, with a decrease 
in the cooling rate, a decrease in the density of defects in the final structure was observed. At a rate of 5·1011 K/s or less, crystallization of carbon-free 
particles took place with the formation of low-energy grain boundaries (with a high density of conjugate nodes: special boundaries, twins). The crystal-
lization temperature during cooling at a rate below 1012 K/s is inversely proportional to the particle diameter: as the particle size decreases, the propor-
tion of free surface increases, which leads to a decrease in the probability of crystalline nuclei formation. In addition, the crystallization temperature 
increases with a decrease in the cooling rate. The introduction of a carbon impurity led to a decrease in the crystallization temperature of nanoparticles: 
in the presence of 10 at. %. As a percentage of carbon, it decreased by about 200 K for particles of different sizes. Carbon atoms often formed clusters 
consisting of several carbon atoms. Such clusters distorted the resulting crystal lattice of metal around them, preventing crystallization. In the presence 
of a carbon impurity, the final structure of the crystallized particles contained a higher density of grain boundaries and other defects. Carbon atoms, 
especially clusters of them, were fixed mainly at grain boundaries and triple joints. 

Keywords: molecular dynamics, nanoparticle, crystallization, nanocrystal, austenite
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Аннотация. Методом молекулярной динамики проведено исследование формирования структуры при кристаллизации наночастиц аусте-

нита в условиях наличия примеси углерода. Рассматривалось влияние скорости охлаждения расплава, размера частиц, концентрации 
атомов углерода в частице на особенности образующейся структуры при кристаллизации и температуру начала кристаллизации. Пока-
зано, что формированием нанокристаллической структуры наночастиц можно управлять путем варьирования скорости охлаждения 
и введения примеси углерода: при скорости охлаждения выше 1013 К/с в используемой модели кристаллизация не успевала произойти, 
при скорости ниже 5·1012 К/с частица аустенита кристаллизовалась с образованием нанокристаллической структуры. При этом при 
снижении скорости охлаждения наблюдалось уменьшение плотности дефектов в конечной структуре. При скорости 5·1011 К/с и менее 
кристаллизация частиц без углерода проходила с образованием низкоэнергетических границ зерен (с высокой плотностью сопряженных 
узлов: специальных границ, двойников). Температура кристаллизации при охлаждении со скоростью ниже 1012 К/с обратно пропорцио-
нальна диаметру частицы: по мере уменьшения размера частицы увеличивается доля свободной поверхности, что приводит к умень-
шению вероят ности образования кристаллических зародышей. Кроме того, температура кристаллизации увеличивается при уменьшении 
скорости охлаждения. Введение примеси углерода приводило к снижению температуры кристаллизации наночастиц: при наличии 
10 ат. % углерода она уменьшалась примерно на 200 К для частиц разного размера. Атомы углерода часто образовывали скопления, состо-
ящие из нескольких атомов углерода. Такие скопления искажали образующуюся кристаллическую решетку металла вокруг себя, препят-
ствуя кристаллизации. В условиях наличия примеси углерода конечная структура кристаллизовавшихся частиц имела более высокую 
плотность границ зерен и других дефектов. Атомы углерода, особенно скопления из них, закреплялись преимущественно на границах 
зерен и тройных стыках. 

Ключевые слова: молекулярная динамика, наночастица, кристаллизация, нанокристалл, аустенит
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Молекулярно-динамическое исследование 
влияния примеси углерода на процесс кристаллизации 

наночастиц аустенита при быстром охлаждении
И. В. Зоря1 , Г. М. Полетаев2, 3, Ю. В. Бебихов4, А. С. Семенов4

 Introduction

Metallic nanoparticles exhibit a unique set of physi-
cal, chemical, and optical properties. These proper-
ties make nanoparticles highly promising for applica-
tions in areas such as microelectronics, optoelectronics, 
plasmo nics [1; 2], medicine and biology [3; 4], chemi-
cal catalysis, and the production of gas sensors [5; 6]. 
In the manufacturing of nanoparticles, significant atten-
tion is given to controlling the phase state, size, and shape 
of the particles due to their critical impact on beneficial 
properties [7 – 10]. Consequently, investigating the fac-
tors influencing the mechanisms and kinetics of phase 
transitions, as well as the final structure of the particles, 
is of great importance. Recently, particles with a high 
level of atomic structure disorder, such as amorphous or 
nanocrystalline structures, have garnered significant inte-

rest [11 – 14]. These particles possess high stored energy 
and a unique electronic structure, making them promi-
sing for use in catalysis, biomedicine, optics, and electro-
nics [15 ‒ 17].

A nanocrystalline structure, which is a polycrystal-
line structure with relatively small grain sizes (ranging 
from a few nanometers to several tens of nanometers) and 
a high density of non-equilibrium grain boundaries, can 
be obtained not only through intense deformation but also 
through sufficiently rapid cooling, where the recrystalli-
zation process is suppressed during grain growth, lead-
ing to the formation of numerous small grains [18; 19]. 
Through computer modeling in studies [20 – 23], it has 
been shown, for example, that nanoparticles of pure me tals 
crystallize with a nanocrystalline structure with high 
grain boundary density and an average grain size of only 
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a few nanometers when cooled at a rate of appro ximately 
1012 K/s from the molten state. In studies [20; 22; 23], 
it was demonstrated that at a cooling rate exceeding 
1013 K/s, homogeneous crystallization does not have time 
to occur, and the cooled particles in the molecular dyna-
mics model exhibit an amorphous structure.

The interaction of impurity atoms of light elements 
with metals is of significant scientific and technological 
interest. Even at low concentrations, atoms of carbon, 
nitrogen, and oxygen significantly affect the proper-
ties of metals. Despite the importance of understanding 
the mechanisms and processes underlying the influence 
of alloying with light element impurities on the proper-
ties of metals, many questions regarding the behavior 
of impurities at the atomic level in the metallic matrix 
remain unresolved. One such question is the determina-
tion of the impact of impurities on phase transitions, par-
ticularly the exploration of ways to control the tempera-
ture intervals of phase existence in metallic nanomaterials 
by varying impurities. This study is devoted to inves-
tigating, at the atomic level using molecular dynamics, 
the crystallization process of austenite nanoparticles and 
the effect of carbon impurity on these processes. 

 Model description

For describing Fe – Fe interactions in austenite, the 
Lau EAM potential [24] was used, which accurately 
reproduces the structural, energetic, and elastic charac-
teristics of austenite [24; 25]. To describe the interactions 
of iron atoms with carbon atoms and carbon atoms with 
each other in the metal matrix, Morse potentials [26] were 
used, determined based on experimental data on the dis-
solution energy and migration energy of carbon impurity 
atoms in the austenite crystal, atomic radii, their electro-
negativity, binding energy, and other characteristics. 

In the model, a spherical austenite particle was ini-
tially created by cutting out a sphere of the appropriate 
size from an ideal FCC crystal. Particles with diameters 
ranging from 1.5 to 12.0 nm were considered. The par-
ticle was placed in a rectangular parallelepiped calcula-
tion cell with periodic boundary conditions. Although free 
conditions (i.e., the absence of any boundary conditions) 
can be used for this model, periodic boundary conditions 
were employed in this study to ensure that atoms evapora-
ting from the particle surface at high temperatures do not 
escape far from the particle but remain within the calcu-
lation cell. The distance between the walls of the calcu-
lation cell was sufficiently large to prevent interaction 
between the particle and its virtual duplicate [27; 28].

Carbon impurity atoms were introduced randomly 
throughout the entire volume of the metallic particle. 
The impurity concentration varied from 0 to 10 at. %. 
After creating the initial spherical particle, structural 
relaxation was performed to establish the equilibrium 

atomic structure. Temperature control was carried out 
using the Nose-Hoover thermostat. The temperature in 
the model was set by adjusting the atomic velocities. 
The time integration step in the molecular dynamics 
method was 1 fs. 

The resulting particles were used as starting points 
for simulating the gradual heating and subsequent cool-
ing of the particles. For particles of each size, simula-
tions were conducted with constant heating rates from 
the monocrystalline state to temperatures significantly 
exceeding the melting point (from 600 to 2000 K for 
larger particles and generally up to 1800 K for relatively 
small particles) and reverse cooling from the molten state 
to 600 K (for crystallization simulation). The tempera-
ture change during heating and cooling was carried out 
at a constant rate by correspondingly adjusting the velo-
city magnitudes of all atoms in the model. It is known 
that when cooling melts at rates above 1013 – 1014 K/s, 
homogeneous crystallization does not have time to occur 
even in pure metals, resulting in metallic glasses [29; 30]. 
At the same time, as shown in studies [20 – 23] and 
will be demonstrated below, cooling rate of 1012 K/s is 
sufficient for crystallization to occur.

 Results and discussion

The average potential energy of an atom was chosen as 
the primary characteristic of the state of the nanopar ticle 
structure. Fig. 1 shows the dependence of the average 
atomic energy on temperature for particles with diame-
ters of 8.0 and 2.5 nm during heating from the monocrys-
talline state and reverse cooling from the melt at differ-
ent temperature change rates: 5∙1011, 1012 and 5∙1012 K/s. 
The sharp changes in the average atomic energy on 
the graphs apparently correspond to phase transitions: 
during the increase – melting, and during the decrease – 
crystallization. As is well known, the melting – crystal-
lization phase transitions do not occur instantaneously; 
the crystal – liquid front moves at a finite speed, depen-
ding on the temperature, and usually ranges from several 
tens of meters per second [31; 32]. No stationary crys-
tal – liquid front was observed; once formed, this front 
typically moved until the entire particle melted or crys-
tallized. In light of the above, the phase transition tem-
peratures were determined by the moment of their onset 
(indicated by arrows in Fig. 1). 

Crystallization during gradual cooling from the melt 
occurred at a temperature significantly lower than 
the melting point. This substantial difference between 
the melting temperature (Tm ) and the crystallization 
temperature (Tc ) in nanoparticles is a well-known phe-
nomenon in modeling [20; 22; 33]. As shown, the crys-
tallization process is more sensitive to the rate of tem-
perature change than melting: for all three rates, the onset 
of melting is roughly the same, while the crystallization 
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onset temperatures vary considerably. At a cooling rate 
of 5·1012 K/s, crystallization only partially occurred for 
the 8.0 nm particle (as indicated by the relatively small 
drop in average atomic energy) and did not occur at all 
for the 2.5 nm particle (Fig, 1, a). As is well known, 
homogeneous crystallization involves two stages: nuclea-
tion of crystalline nuclei followed by their growth, i.e., 
the advancement of the crystallization front. These stages 
occur sequentially, and once stable nuclei are formed, 
the front moves at approximately the same speed as during 
melting, as evidenced by the similar slopes of the graphs 
during melting and crystallization in most cases.

It should be noted that for the 8.0 nm particle, after 
crystallization, the average atomic energy is higher than 
in the initial monocrystalline particle (Fig. 1, a, curve 2), 
and the higher the cooling rate, the greater this difference. 
This is explained by the formation of a nanocrystalline 
structure after crystallization, characterized by higher 
average atomic energy values compared to the monocrys-
talline particle due to the presence of grain boundaries and 
other defects. The higher the cooling rate, the less time is 
spent on structural relaxation, and the higher the defect 
density in the cooled particle.

As the particle diameter decreased, the dependence 
of the average atomic energy on temperature under-
went qualitative changes. Firstly, the energy difference 
between the crystalline and amorphous states was notice-
ably smaller compared to larger particles (Fig. 1, b). This 
is likely due to the relatively higher proportion of sur-
face atoms in this case. Moreover, for smaller particles, 
the energy value fluctuations were higher, and the error 
in determining phase transition temperatures was greater, 
due to the relatively smaller number of atoms in them.

Another important change in the graphs with decreas-
ing particle size was the decrease in melting and crystal-
lization temperatures, as well as the stronger influence 
of the cooling rate on the crystallization temperature. 
This is obviously a consequence of the higher propor-
tion of surface atoms as the particle diameter decreases. 
At a cooling rate of 5·1012 K/s, crystallization did not 
occur at all for particles with diameters smaller than 3 nm, 
as evidenced by the absence of a downward energy jump 
corresponding to crystallization (e.g., Fig. 1, b, curve 2). 

Fig. 2 shows the atomic structure in a cross-section 
of particles with an 8.0 nm diameter, obtained using 
a crystalline phase visualizer. This visualizer determines 
the affiliation of each atom to a particular crystalline 
structure by analyzing the arrangement of neighboring 
atoms [34]. As seen in Fig. 2, with increasing cooling 
rate, grain sizes decrease, and the number of structural 
imperfections, including grain boundaries, increases. 
At a cooling rate of 5·1011 K/s, judging by the very close 
positioning of curves 1 and 2 in Fig. 1, i.e., the slight dif-

Fig. 1. Dependences of the average potential energy of an atom 
on temperature at different heating/cooling rates of austenite 

nanoparticles with a diameter of 8.0 (a) and 2.5 nm (b):
1 – heating of a single crystal particle; 

2 – cooling of a particle from the molten state; 
Tm – melting point; Tc – crystallization temperature

Рис. 1. Зависимости средней потенциальной энергии атома 
от температуры при разной скорости нагревания/охлаждения 

наночастиц аустенита диаметром 8,0 (a) и 2,5 нм (b):
1 – нагрев монокристаллической частицы; 

2 – охлаждение частицы из расплавленного состояния; 
Tm – температура плавления; Tc – температура кристаллизации



Известия вузов. Черная металлургия. 2024;67(4):440–448.
Зоря И.В., Полетаев Г.М. и др. Молекулярно-динамическое исследование влияния примеси углерода на процесс кристаллизации ...

444

ference between the average energy of monocrystalline 
and crystallized particles, crystallization likely occurred 
often with the formation of low-energy grain boundaries 
(with a high density of coincident sites: special bounda-
ries, twins).

To mathematically describe the influence of the free 
surface of nanoparticles on their melting temperature, 
a formula based on the assumption that the phase tran-
sition temperature change is proportional to the surface 
area-to-volume ratio of the particle is often used [35 – 37], 
i.e., for a spherical particle, this change should be propor-
tional to N –1/3 or d –1 (where N is the number of atoms 
in the particle; d is the particle diameter). In this study, 
the assumption for the crystallization temperature was 
used, with an added correction δ accounting for the finite 
thickness of the particle’s surface layer:

     (1)

where Tc and  are the crystallization temperatures 
of the particle and bulk material, respectively; αc is 
a parameter that accounts for the extent of the particle 
surface’s influence on its crystallization.

Formula (1) was used to construct an approximation 
curve for the dependence of the crystallization temper-
ature of nanoparticles on their diameter (dashed lines 
in Fig. 3). As can be seen, for cooling rates of 1012 K/s 
and 5·1011 K/s, the values obtained in the model (shown 
by markers in Fig. 4) closely match the approximation 
curves, confirming the leading role of the free surface 
not only in the melting process but also in the crystal-
lization of nanoparticles. The parameter values for cal-
culation by formula (1) were as follows (1):  = 1190 K, 
αc = 0.38 K·nm, δ = 0.4 nm for a cooling rate of 5·1011 K/s 

Fig. 2. Atomic structure of austenite particles with a diameter 
of 8.0 nm, free of carbon impurities, in a section obtained 

as a result of crystallization at a cooling rate 
of 5·1012 (а), 1012 (b) and 5·1011 K/s (c) 

Рис. 2. Атомная структура частиц аустенита диаметром 8,0 нм, 
не содержащих примеси углерода, в срезе, полученная 
в результате кристаллизации при скорости охлаждения 

5·1012 (а), 1012 (b) и 5·1011 К/с (c)

Fig. 3. Crystallization temperature of an austenite particle depending 
on its diameter at different melt cooling rates

Рис. 3. Температура кристаллизации частицы аустенита 
в зависимости от ее диаметра при разной скорости 

охлаждения расплава
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and  = 1190 K, αc = 0.49 K·nm, δ = 0.4 nm for a cool-
ing rate of 1012 K/s.

As shown in the dependencies in Fig. 3, the crystalli-
zation temperature increases as the cooling rate decrea-
ses. This fact confirms that the formation of nucleation 
sites is a probabilistic process requiring a relatively long 
time for the formation of stable nuclei. At a cooling 
rate of 5·1012 K/s, particles with diameters smaller than 
3 nm did not crystallize (triangular markers in Fig. 3). 
The error in determining the onset of crystallization at 
this rate was higher than at the other rates considered. 
Nevertheless, it is clear that at the highest of the rates 
considered, 5·1012 K/s, crystallization occurs at lower 
temperatures than at lower rates.

The introduction of carbon impurity led to a decrease 
in the crystallization temperature. Fig. 4 shows the de  -
pendence of the crystallization temperature on particle 
diameter (Fig. 4, a) and carbon impurity concentra-
tion (Fig. 4, b). The following parameter values were 
obtained for calculation using formula (1):  = 1155 K, 

Fig. 4. Dependences of crystallization temperature of an austenite 
particle during cooling at a rate of 1012 K/s on the particle diameter 

at different concentrations of carbon impurity (a) and on carbon 
concentration at different particle sizes (b) 

Рис. 4. Зависимости температуры кристаллизации частицы 
аустенита при охлаждении со скоростью 1012 К/с от диаметра 

частицы при разных концентрациях примеси углерода (а) 
и от концентрации углерода при разных размерах частиц (b)

Fig. 5. Atomic structure of austenite particles with a diameter 
of 8.0 nm containing 3 at. % carbon, in the section obtained 

as a result of crystallization at a cooling rate 
of 5·1012 (а), 1012 (b) and 5·1011 K/s (c) 

Рис. 5. Атомная структура частиц аустенита диаметром 8,0 нм, 
содержащих 3 ат. % углерода, в срезе, полученная 

в результате кристаллизации при скорости охлаждения 
5·1012 (а), 1012 (b) и 5·1011 К/с (c)
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αc = 0.57 K·nm for a concentration of 3 at. %;  = 1120 K, 
αc = 0.59 K·nm for a concentration of 6 at. %. The δ 
value, which reflects the width of the surface layer, was 
found to be the same in all cases – 0.4 nm.

As the carbon concentration increased within the con-
sidered impurity atom concentration range, the crystalli-
zation temperature of the austenite particle decreased sig-
nificantly: by nearly 200 K at a concentration of 10 at. % 
(Fig. 4, b). Carbon atoms, diffusing in the metal lattice, 
often formed clusters consisting of several carbon atoms 
(Fig. 5). These clusters distorted the emerging metal 
crystal lattice around them, hindering crystallization. 
Crystallization nuclei formed predominantly in the par-
ticle volume, followed by the intensive growth of crystals 
and the formation of a polycrystalline structure. 

Fig. 5 shows the atomic structure of particles with 
a diameter of 8.0 nm, containing 3 at. % carbon, crystal-
lized at different cooling rates. Comparing the structures 
shown in Fig. 2 for particles without carbon impurity, it is 
evident that the number of structural imperfections, grain 
boundaries, and other defects is significantly higher in 
the presence of carbon. The most notable difference was 
observed at the lowest cooling rate considered: 5·1011 K/s. 
Without carbon impurity, the particle crystallized with 
a much lower defect density (Fig. 2, c) than in the pre-
sence of carbon (Fig. 5, c). In the latter case, the structure 
was almost indistinguishable from the structure obtained 
during cooling at a rate of 1012 K/s (Fig. 5, b). Carbon 
impurity atoms, especially clusters of them, predomi-
nantly settled at grain boundaries and triple junctions.

 Conclusions

A study using molecular dynamics was conducted 
to investigate the struc-tural formation during the crys-
tallization of austenite nanoparticles in the presence 
of carbon impurity. The effects of melt cooling rate, par-
ticle size, and carbon atom concentration on the crystal-
lization process, resulting structural features, and crys-
tallization onset temperature were examined. It was 
shown that the formation of a nanocrystalline structure 
in nanoparticles can be controlled by varying the cool-
ing rate and introducing carbon impurity. In the model 
used, at a cooling rate above 1013 K/s, crystallization did 
not occur; at a rate below 5·1012 K/s, the austenite par-
ticles crystallized, forming a nanocrystalline structure. 
Additionally, as the cooling rate decreased, the defect 
density in the final structure also decreased. At a cooling 
rate of 5·1011 K/s or less, crystallization of carbon-free 
particles resulted in the formation of low-energy grain 
boundaries (with a high density of coincident sites: spe-
cial boundaries, twins). 

The crystallization temperature at a cooling rate below 
1012 K/s is inverse-ly proportional to the particle diameter: 
as the particle size decreases, the proportion of the free 

surface increases, which reduces the probabi lity of crys-
talline nuclei formation. Additionally, the crystallization 
temperature increases as the cooling rate decreases.

The introduction of carbon impurity led to a decrease 
in the crystallization temperature of nanoparticles: 
in the presence of 10 at. % carbon, the temperature 
decreased by approximately 200 K for particles of diffe-
rent sizes. Carbon atoms often formed clusters consist-
ing of several atoms. These clusters distorted the forming 
metal crystal lattice around them, hindering crystalliza-
tion. In the presence of carbon impurity, the final struc-
ture of the crystallized particles contained a higher den-
sity of grain boundaries and other defects. Carbon atoms, 
especially in clusters, predominantly settled at grain 
boundaries and triple junctions.
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Аннотация. В настоящее время разработке и исследованию новых материалов для деталей машин горно-металлургического комплекса 

методом наплавки порошковой проволокой уделяется большое внимание. Широкое распространение для наплавки сталей с высокой 
износостойкостью получили порошковые проволоки, в которых в качестве наполнителей используется восстановленный вольфрам 
в виде ферросплавов, лигатур и металлического порошка различной степени чистоты. Однако в связи с дефицитностью и высокой стои-
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Abstract. The development and research of new materials for machine parts of the mining and metallurgical complex by the method of surfacing with 

flux cored wire has a lot of attention nowadays. Flux cored wires are widely used for surfacing of steels with high wear resistance, in which reduced 
tungsten in the form of ferroalloys, ligatures and metal powder of various degrees of purity are used as fillers. However, due to the scarcity and 
high cost of tungsten, its rational use is an urgent task. For practical application, the technology of surfacing with tungsten-containing flux cored 
wire is of interest; using it the maximum extraction of tungsten into the deposited layer is achieved due to reduction processes in the arc. In order 
to increase the beneficial use of tungsten, the technologies of indirect alloying with tungsten during surfacing under the flux of flux cored wires, in 
which tungsten oxide is used as a filler on the one hand, and reducing agent – on the other, deserve consideration. It can be expected that during arc 
discharge, tungsten and (or) chemical compounds of tungsten with reducing agents can be formed during the surfacing process. This paper presents 
the results of a comparative analysis of the thermodynamic processes of tungsten oxide reduction by carbon, silicon, aluminum and titanium during arc 
discharge occurring during surfacing with flux cored wires under a layer of flux. The thermodynamic analysis of 41 reactions in standard states showed 
that the presence of reducing agents (carbon, silicon, aluminum, titanium) in the flux cored wire used for surfacing will contribute to the formation 
of silicides and tungsten carbides, and, possibly, tungsten itself. It was determined that the best state for the participation of tungsten oxide in reactions 
in the arc is WO3(g) gaseous state. 

Keywords: reduction, tungsten oxide, thermodynamics, standard Gibbs energy of reaction, carbon, silicon, aluminum, titanium, non-metallic inclusions, 
thermodynamic probability of reaction
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 Introduction

For over 40 years, the use of surfacing with weld-
ing flux cored wire has been widely adopted. Combining 
this with advanced surfacing methods allows for solv-
ing complex technological challenges at a fundamentally 
new level [1 – 3]. 

Developing technology for applying wear-resis-
tant surfacing involves several key stages: analyzing 
the nature of the part’s wear; assessing the weldability 
of the structural material and the permissible changes in 
the part’s geometry due to the thermal effects of surfac-
ing; selecting a wear-resistant alloy; choosing a surfacing 
method; and developing surfacing regimes [4 – 8].

Recently, particular attention in manufacturing flux 
cored wire has been given to selecting charge mate-
rials [9 – 11]. One component of these charge materials 
is tungsten powder. Tungsten coatings are noted for their 
high wear resistance under “metal-to-metal” friction at 
elevated temperatures, as well as good heat and ther-
mal resistance. They are mainly used in metallurgy and 
mechanical engineering for surfacing hot rolling rolls, 
hot cutting knives for metal, hot rolling stamps, and simi-
lar applications [12 – 15]. However, due to the high cost 
of pure powder and the absence of domestic manufac-
turers of this component within the Russian Federation, 
proposals have arisen to replace “pure” tungsten powder 
with tungsten oxide [16 – 18]. 

This work aims to conduct a comparative thermody-
namic assessment of the likelihood of the reduction pro-
cesses of tungsten oxide (WO3 ) by carbon, silicon, alu-
minum, and titanium during the arc discharge that occurs 
when surfacing with flux-cored wires under a layer of flux. 

 Materials and methods

A thermodynamic assessment was conducted to eva-
luate the likelihood of the following reactions:

2/3WO3(s, l) + 2C(s, l) = 2/3W(s, l) + 2CO(g);      (1)

2/3WO3(g) + 2C(s, l) = 2/3W(s, l) + 2CO(g);      (1a)

2/3WO3(s, l) + C(s, l) = 2/3W(s, l) + CO2 (g);       (2)

1/3WO3(s, l) + CO(g) = 1/3W(s, l) + CO2 (g);       (3)

        W(s, l) + C(s, l) = WC(s, l);  (4)

   W(s, l) + 1/2C(s, l) = 1/2W2C(s, l);  (5)

2/3WO3(s, l) + 5/3C(s, l) =

  = 2/3WC(s, l) + CO2(g); (6)

2/3WO3(s, l) + 4/3C(s, l) =

              = 1/3W2C(s, l) + CO2 (g); (7)

1/4WO3(s, l) + 5/4CO(g) =

  = 1/4WC(s, l) + CO2(g); (8)

2/7WO3(s, l) + 8/7CO(g) =

             = 1/7W2C(s, l) + CO2 (g); (9)

2/3WO3(s, l) + 8/3C(s, l) =

              = 2/3WC(s, l) + 2CO(g); (10)

2/3WO3(s, l) + 7/3C(s, l) =

              = 1/3W2C(s, l) + 2CO(g); (11)

2/3WO3(s, l) + Si(s, l) =

             = SiO2(s, l) + 2/3W(s, l); (12)

2/3WO3(s, l) + 7/3Si(s, l) =

           = SiO2(s, l) + 2/3WSi2(s, l); (13)

мостью вольфрама актуальной задачей является его рациональное использование. Для практического применения представляет интерес 
технология наплавки вольфрамсодержащей порошковой проволокой, при использовании которой достигается максимальное извлечение 
вольфрама в наплавленный слой за счет восстановительных процессов в дуге. С целью повышения полезного использования воль-
фрама заслуживают рассмотрения технологии косвенного легирования вольфрамом при наплавке под флюсом из порошковых проволок, 
в которых в качестве наполнителя используются, с одной стороны – оксид вольфрама, а с другой – восстановители. Можно ожидать, что 
при дуговом разряде в процессе наплавки могут образовываться вольфрам и (или) химические соединения вольфрама с восстановите-
лями. В настоящей работе представлены результаты сравнительного анализа протекания термодинамических процессов восстановления 
оксида вольфрама углеродом, кремнием, алюминием и титаном при дуговом разряде, возникающем во время наплавки порошковыми 
проволоками под слоем флюса. Проведенный термодинамический анализ 41 реакции в стандартных состояниях показал, что наличие 
в используемой для наплавки порошковой проволоке восстановителей (углерода, кремния, алюминия, титана) будет способствовать обра-
зованию силицидов и карбидов вольфрама, а, возможно, и самого вольфрама. Определено, что лучшим состоянием для участия оксида 
вольфрама в реакциях в дуге является газообразное состояние WO3(г). 

Ключевые слова: восстановление, оксид вольфрама, термодинамика, стандартная энергия Гиббса реакции, углерод, кремний, алюминий, 
титан, неметаллические включения, термодинамическая вероятность протекания реакции
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2/3WO3(s, l) + 21/15 Si(s, l) =

         = SiO2(s, l) + 2/15W5Si3(s, l); (14)

         W(s, l) + 2Si(s, l) = WSi2(s, l); (15)

    W(s, l) + 3/5Si(s, l) = 1/5W5Si3(s, l); (16)

2/3WO3(s, l) + 2Si(s, l) = 2SiO(g) + 2/3W(s, l);   (17)

2/3WO3(g) + 2Si(s, l) = 2SiO(g) + 2/3W(s, l);    (17a)

2/3WO3(s, l) + 10/3Si(s, l) =

             = 2SiO(g) + 2/3WSi2(s, l); (18)

2/3WO3(s, l) + 36/15 Si(s, l) =

            = 2SiO(g) + 2/15W5Si3(s, l); (19)

2/3WO3(s, l) + 4/3Al(s, l) → 

          → 2/3W(s, l) + 2/3Al2O3(s, l); (20)

2/3WO3(g) + 4/3Al(s, l) → 

          → 2/3W(s, l) + 2/3Al2O3(s, l); (21)

2/3WO3(g) + 4/3Al(s, l) →

          → 2/3W(s, l) + 2/3Al2O3(s, l); (22)

2/3WO3(g) + 4/3Al(l) →

          → 2/3W(s, l) + 2/3Al2O3(s, l); (23)

2/3WO3(g) + 4/3Al(g) →

           → 2/3W(s, l) + 2/3Al2O3(s, l); (24)

2/3WO3(g) + 2/3Al2(g) →

           → 2/3W(s, l) + 2/3Al2O3(s, l); (25)

2/3WO3(g) + 4/3Al(g) →

           → 2/3W(l) + 2/3Al2O3(s, l); (26)

2/3WO3(g) + 4/3Al(g) →

           → 2/3W(g) + 2/3Al2O3(s, l); (27)

2/3WO3(g) + 4/3Al(g) →

            → 2/3W(s, l) + 2/3Al2O3(l); (28)

2/3WO3(g) + 2Al(g) → 2/3W(s, l) + 2AlO(g);     (29)

2/3WO3(g) + Al(g) → 2/3W(s, l) + AlO2(g);      (30)

2/3WO3(g) + 4Al(g) → 2/3W(s, l) + 2Al2O(g);    (31)

2/3WO3(g) + 2Al(g) → 2/3W(s, l) + Al2O2(g);     (32)

2/3WO3(g) + 2Al2(g) → 2/3W(s, l) + 2Al2O(g);    (33)

2/3WO3(s, l) + 2Ti(s, l) =

              = 2/3W(s, l) + 2TiO(s, l); (34)

2/3WO3(g) + 2Ti(s, l) =

               = 2/3W(s, l) + 2TiO(s, l); (34a)

2/3WO3(s, l) + 4/3Ti(s, l) =

           = 2/3W(s, l) + 2/3Ti2O3(s, l); (35)

2/3WO3(s, l) + 6/5Ti(s, l) =

           = 2/3W(s, l) + 2/5Ti3O5(s, l); (36)

2/3WO3(s, l) + 8/7Ti(s, l) =

            = 2/3W(s, l) + 2/7Ti4O7(s, l); (37)

2/3WO3(s, l) + Ti(s, l) =

              = 2/3W(s, l) + TiO2(s, l). (38)

The necessary thermodynamic characteristics 
of reactions (1) – (38) for the comparative assessment 
of the reductive properties of carbon, silicon, aluminum, 
and titanium with respect to tungsten oxide WO3 in stan-
dard conditions [∆r Н °(Т), ∆r S °(Т), ∆r G °(Т)] for reac-
tants in solid crystalline (s), liquid (l), and gaseous (g) 
states, depending on temperature, were calculated using 
well-known methods [19]. These calculations were per-
formed over the temperature range of the welding arc 
(1500 – 3500 K) based on the thermodynamic proper-
ties [[Н °(Т) – Н °(298.15 K)], S °(Т), ∆f  H °(298.15 К)] 
of the WO3 , W, C, CO, CO2 , Si, SiO, SiO2 ,WSi2 , W5Si3 , 
Al, Al2 , Al2O3 , AlO, AlO2 , Al2O, Al2O2 , Ti, TiO, Ti2O3 , 
Ti3O5 , Ti4O7 , TiO2 . The calculations used data from refe-
rence books [19; 20], and all reactions were written for 
1 mole of oxygen.

In the temperature range of 1500 – 3500 K, the fol-
lowing phase transitions (melting, boiling) occur: 
WO3 (1745 K), W2C (3008 K), WC (3058 K), W5Si3 
(2623 K), Si (1685 K), SiO2 (1696 K), Al (2791 K), Al2O3 
(2327 K), Ti (1939 K), TiO (2023 K), Ti2O3 (2115 K), 
Ti3O5 (2050 K), Ti4O7 (1950 K), TiO2 (2130 K).

 Results and discussion

Among the solid crystalline reductants considered, 
aluminum has the lowest melting point. After melting, 
it is also expected to vaporize most easily.

To evaluate the potential impact of tungsten oxide 
(WO3 ) evaporation in the arc on the thermodynamic 
properties of the reactions, we calculated the thermody-
namic characteristics of 15 reactions. In these reactions, 
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tungsten oxide was considered to be in its gaseous state 
(WO3 (g)) (reactions 1a, 17a, 22 – 33, 34a).

Reactions (4), (5), and (15), (16) are not reactions that 
reduce tungsten oxide. Comparing their thermodyna mics 
with those of reactions (6), (7) and (13), (14) respec-
tively, shows a lower likelihood of forming tungsten 
carbides and silicides from the direct interaction of tung-
sten with carbon (4), (5) and silicon (15), (16) than from 
the reduction of tungsten oxide by carbon (6), (7) or sili-
con (13), (14).

The standard Gibbs energies of all 41 reactions, 
grouped by the type of reductant and temperature, are 
presented in the Table. The results and specific conclu-
sions regarding the effectiveness of each reductant (car-
bon, silicon, aluminum, titanium) are discussed in stu-
dies [21 – 23]. Compared to the work [23], the reactions 
(34) – (38) for the reduction of WO3 by titanium in this 
study are written for 1 mole of oxygen (O2 ), not for 
1 mole of Ti. 

The next step was to select the most effective reduc-
tants and the optimal conditions for these reactions.

It is known that the partial derivative of the standard 
Gibbs energy of a reaction with respect to tempera-
ture at constant pressure equals the standard entropy 
of the reaction with an opposite sign:

              (39)

From this equation, it follows that the nature 
of the change in the standard Gibbs energy of a reaction 
with temperature is determined by the sign of the reac-

tion’s standard entropy. In this context,  for 
the same substance. Since the reactions (1) – (38) involve 
substances in all three physical states, many reactions 
exhibit significant changes in ∆r G °(T) depending on 
the temperature, both decreasing and increasing. 

An analysis of the Table data shows that at 1500 K 
∆r G °(T) changes from +58.44 kJ for reaction (32) 
to –929.12 kJ for reaction (31), and at 3500 K, it changes 
from +1389.31 kJ for reaction (32) to –803.92 kJ 
for reaction (11). Given such significant differences 
in ∆r G °(T) values, it makes sense to focus on the most 
thermodynamically probable reactions. These reactions 
are marked with asterisks in the table, and the dependen-
cies of ∆r G °(T) on temperature are shown in the Figure. 

Clearly, the graphs in the figure visually separate 
into three groups. The first group consists of the most pro-
bable reactions in the 1500 – 2500 K temperature range. 
These are reactions (31), (33), (28), (23) between gaseous 
WO3 and aluminum, forming liquid or gaseous alumi-
num oxides. In the gas phase, the formation of aluminum 
dimer (Al2) has a high probability of yielding tungsten 
with AlO2(g) up to 3000 K (reaction (33)).

The second and larger group includes reactions (1), 
(1a), (11), (17), (17a), (18), and (19), which have a 
high probability of occurring in the temperature range 
of 2500 – 3500 K. In these reactions, the reductants are 
carbon and silicon, known for their increasing reductive 
properties as temperatures rise. Carbon and silicon also 
tend to disproportionate when reacting with metal oxides, 
especially those of active metals. This results in high 
thermodynamic probabilities for reactions (11), (18), 
and (19), where, alongside the oxides CO(g) and SiO(g) 

Standard Gibbs energies of reactions (1) – (38) depending on temperature

Стандартные энергии Гиббса реакций (1) – (38) в зависимости от температуры
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Standard Gibbs energies of reactions (1) – (38) depending on temperature

Стандартные энергии Гиббса реакций (1) – (38) в зависимости от температуры

Reductant Reaction
∆r G °(Т), kJ, for T, K

1500 2000 2500 3000 3500

Carbon (C)

٭(1) –172.23 –326.83 –469.26 –607.39 –742.27
(1а)٭ –347.58 –449.50 –545.97 –644.87 –746.81

(2) –81.04 –151.09 –210.61 –267.20 –321.74
(3) 5.08 12.32 24.02 36.49 49.40
(4) –47.76 –54.97 –63.57 –73.34 –83.87
(5) –35.11 –47.77 –61.80 –76.87 –92.47

٭(6) –112.88 –187.74 –252.99 –316.10 –377.65
٭(7) –104.45 –182.94 –251.81 –318.45 –383.38
(8) 14.66 39.43 66.79 94.08 121.21
(9) 7.35 22,02 39.88 57.92 76.00

٭(10) –204.07 –363.48 –511.64 –656.29 –798.18
٭(11) –195.64 –358.68 –510.46 –658.64 –803.92

Silicon (Si)

(12) –328.43 –305.67 –270.56 –234.84 –198.98
(13)* –435.49 –414.30 –377.62 –362.83 –348.71
(14) –361.28 –337.12 –298.79 –267.13 –237.75
(15) –160.59 –162.95 –160.59 –191.99 –224.60
(16) –49.27 –47.17 –42.35 –48.44 –58.16

٭(17) –139.95 –268.31 –373.17 –473.62 –570.77
(17а)٭ –315.29 –392.63 –457.24 –520.75 –583.70
٭(18) –247.01 –376.94 –480.23 –601.61 –720.50
٭(19) –172.80 –299.76 –401.40 –505.91 –609.54

Aluminum (Al)

(20) –487.08 –456.23 –430.31 –387.47 –302.46
(21) –493.67 –448.82 –407.37 –348.34 –246.88
(22) –657.76 –568.48 –486.78 –390.80 –259.87

٭(23) –657.75 –568.48 –486.78 –420.08 –356.00
(24) –844.31 –681.37 –527.86 –390.80 –259.87
(25) –825.37 –694.55 –573.26 –468.49 –369.83
(26) –826.07 –667.47 –518.28 –385.57 –258.64
(27) –418.44 –303.12 –197.12 –107.41 –23.50

٭(28) –824.33 –671.84 –527.86 –354.05 –259.87
(29) –232.62 –200.33 –169.51 –140.93 –114.48
(30) –103.20 –66.548 –30.876 3.831 37.348

٭(31) –929.12 –768.84 –609.48 –451.04 –293.75
(32) 58.44 385.76 717.33 1052.17 1389.32

٭(33) –872.28 –808.38 –745.69 –684.09 –623.66

Titanium (Ti)

٭(34) –491.61 –476.89 –467.84 –457.20 –440.10
(34а)* –662.29 –596.54 –547.24 –499.67 –453.08
٭(35) –431.27 –417.72 –403.45 –390.66 –371.58
٭(36) –409.99 –398.06 –388.98 –380.15 –365.78
٭(37) –397.80 –385.35 –375.47 –364.24 –347.54
٭(38) –363.22 –344.96 –325.39 –308.68 –286.65
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(positive oxidation states of carbon and silicon), carbides 
and silicides of various compositions (negative oxidation 
states of carbon and silicon) are formed.

The third group includes reactions (34), (34a), (35), 
(36), (37), (38). These involve titanium, which does 
not readily vaporize or form gaseous oxides. Thus, 
the graphs show a slight upward slope, indicating less 
negative valu es ∆r G °(T) with increasing temperature. As 
with other reductants, the evaporation of WO3 enhances 
the thermodynamic likelihood of its reduction by tita-
nium (reaction (34a)). It can be concluded that titanium is 
an effective reductant that performs well across the entire 
temperature range of the welding arc. 

The analysis of the thermodynamic properties 
of the reactions showed that the presence of reductants 
(carbon, silicon, aluminum, titanium) alongside tungsten 
oxide (WO3) in the flux-cored wire used for surfacing, 
either separately or together, will promote the formation 
of tungsten silicides and carbides, and possibly elemental 
tungsten. Tungsten oxide exhibits the highest reactivity 
in its gaseous state WO3(g), which aligns perfectly with 
the physical properties of WO3 . In the literature, WO3 is 
described as “volatile upon calcination”. 

Aluminum has the highest chemical affinity for gaseous 
tungsten oxide WO3(g) in the form of Al(g) and the dimer 
Al2(g) in the temperature range of 1500 – 3000 K. 
The most likely oxidation product of aluminum is 
Al2O(g), which suggests the absence of non-metallic 
inclusions of Al2O3(s) in the deposited metal. Thus, alu-
minum is the most effective reductant at relatively low 
temperatures in the arc.

Using silicon and carbon as reductants promotes 
the formation of both tungsten and its silicides and car-
bides in the metal melt due to disproportionation reac-
tions, which are characteristic of these elements. Carbon 
and silicon are the most effective reductants at the highest 
temperatures in the arc. 

Titanium is a quality reductant that performs its 
reductive functions across the entire temperature range 
of the welding arc. When titanium is used in the flux-
cored wire, it is likely to produce TiO2(s) and Ti4O7(s) 
oxides as non-metallic inclusions in the deposited metal.

 Conclusions

Based on the available thermodynamic data for 
the reactants, calculations were performed to determine 
the properties [∆r Н °(Т), ∆r S °(Т), ∆rG °(Т)] of the reac-
tions involving the reduction of tungsten oxide (WO3) 
by carbon, silicon, aluminum, and titanium (41 reactions) 
in their standard states within the temperature range 
of 1500 – 3500 K. 

The presence of reductants (carbon, silicon, alu-
minum, titanium) alongside tungsten oxide (WO3) in 

the flux cored wire used for surfacing, either indivi dually 
or together, will promote the formation of tungsten sili-
cides and carbides, and possibly elemental tungsten. 

Aluminum has the highest chemical affinity for gaseous 
tungsten oxide WO3(g) in the forms of Al(g) and the dimer 
Al2(g) in the temperature range of 1500 – 3000 K. 
The most likely oxidation product of aluminum is 
Al2O(g), which suggests the absence of non-metallic 
inclusions of Al2O3(s) in the deposited metal. Thus, alu-
minum is the most effective reductant at relatively low 
temperatures in the arc. Using silicon and carbon as 
reductants promotes the formation of both tungsten and 
its silicides and carbides in the metal melt. Titanium is 
an effective reductant across the entire temperature range 
of the welding arc, and its use is likely to result in the for-
mation of TiO2 and Ti4O7 oxides as non-metallic inclu-
sions in the deposited metal.

The obtained data on the reduction of WO3 provide 
a basis for conducting practical experiments on incorpo-
rating tungsten oxide and reductants into the composition 
of the flux cored wire charge.
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Аннотация. В статье представлены результаты теоретического исследования напряженно-деформированного состояния системы заго-

товка ‒ оправка при производстве стальных полых заготовок на установке совмещенного непрерывного литья и деформации, в которой 
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по линиям объемной модели, проходящим через характерные точки очагов деформации. Авторы определили усилия при обжатии бойками 
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Abstract. The paper presents the results of theoretical research of stress-strain state of a billet – mandrel system when producing steel hollow billets 

in a unit of combined continuous casting and deformation, in which the working surface of the calibrated anvils are made with a variable radius. 
The necessity of making the working surface of the calibrated anvils with a variable radius is substantiated and initial data for the calculations 
is given. The calculation results are considered along the lines of the volumetric model passing through the characteristic points of deformation 
centers. The authors determined the forces when the anvils compress the wall of a hollow billet and the force of pulling the hollow billet from 
the mold. The laws of metal axial displacements and stresses in the deformation centers during compressing the wall of a hollow billet was established 
at the combined process of continuous casting and deformation in the unit. Nature of the stressed state of the metal wall of a hollow billet is considered 
from the perspective of improving its quality. The technique studied allows to determine the stress-strain state of a mandrel when producing a hollow 
steel billet using such a unit. The authors provided the recommendations for reliable gripping and compression with calibrated anvils of a hollow steel 
billet coming from a water-cooled copper mold of the unit of combined continuous casting and deformation. 
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 Introduction

The study [1] presents the results of calculating 
the stress-strain state of the metal in the deformation cen-
ters during the production of steel hollow billets in a unit 
of continuous casting and deformation, where the work-
ing surfaces of the anvils are made with a constant radius. 
This paper presents the results of calculating the ben-
ding zone and the deformation center of the tube during 
the compression of the billet by 5 mm with simultaneous 
lowering of the anvil by 5 mm, where the anvil’s working 
surface is made with a variable radius. This configuration 
allows for reliable gripping and compression of the hol-
low billet by the anvils as it exits the unit’s mold.

 Calculation results

The simulation involved compressing billet by 5 mm 
(anvil movement of ‒5 mm along the X-axis) with simul-
taneously lowering the anvil by 5 mm (anvil movement 
of ‒5 mm along the Z-axis).

The results are presented through points along lines in 
the Y = 0 plane (Fig. 1).

The nature of the displacements and stresses is illus-
trated in Figs. 1 and 2.

In the Cartesian coordinate system, the displacement 
and stress lines align with those in the cylindrical coordi-
nate system [2 ‒ 4].

During compression of the hollow billet wall by 
the anvils, the force along the X-axis is 694 kN, and along 
the Y-axis, it is 384 kN. The pulling force of the billet 
from the crystallizer along the Z-axis is 41 kN.

In addition to the graphs (Fig. 2), Table 1 provides spe-
cific values of displacements and stresses at points 1 ‒ 15. 
Since the maximum and minimum values of the para-
meters are not always located at these points, the maxi-
mum and minimum displacements and stresses along 
these three lines are also provided.

From the data, it is evident that along the length 
of the deformation center (line 2 ‒ 3 ‒ 4), at point 3, 
the billet wall is compressed by 5 mm with simultaneous 
movement of the billet by 5 mm in the casting direction 

(Table 1, Fig. 2, a). Notably, when the hollow billet wall 
is compressed by the calibrated anvils, the metal displace-
ment along the X-axis decreases to 3 mm (point 8), while 
along the Z-axis, it increases to 6.6 mm (Fig. 2, b, point 9).

When compressing the hollow billet with anvils de -
signed with a variable radius working surface, the nature 
of the metal’s stressed state in the deformation cen-
ter changes [5 ‒ 7]. In this case, the highest compres-
sive stresses arise in the billet wall along the X-axis 
and line 3 ‒ 8 ‒ 13, with values of ‒152.0, ‒187.5, and 
‒190.0 MPa, respectively (Table 1, Figs. 2, c, d, 3). 
The maximum compressive stress (‒190 MPa) occurs 
at the contact surface between the hollow billet wall and 
the mandrel (Table 1, point 13). 

Fig. 1. Location of points for representing the calculation results

Рис. 1. Положение точек для представления результатов расчета

стенки полой заготовки и силу вытягивания полой заготовки из кристаллизатора установки. Исследованы закономерности осевых пере-
мещений металла и напряжений в очагах деформации при сжатии стенки полой заготовки при совмещенном процессе непрерывного 
литья и деформирования. Характер напряженного состояния металлической стенки полой заготовки рассмат ривается с точки зрения 
повышения ее качества. Изученная методика позволяет определить напряженно-деформированное состояние оправки при изготовлении 
полой стальной заготовки с использованием установки непрерывного литья и деформации. Авторами представлены рекомендации для 
осуществления надежного захвата и обжатия калиброванными бойками полой стальной заготовки, посту пающей из водоохлаждаемого 
медного кристаллизатора установки совмещенного процесса непрерывного литья и деформации. 

Ключевые слова: установка, непрерывное литье, боек, деформация, полая заготовка, напряжение, конечный элемент
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Table 1. Results of calculation of displacements  
and stresses at the points 1 ‒ 5, 6 – 10 and 11 ‒ 15 

(billet compression with the anvil by 5 mm 
with simultaneous lowering of it by 5 mm; 

working surface of the anvil is made with a variable radius) 

Таблица 1. Результаты расчета перемещений 
и напряжений в точках 1 ‒ 5, 6 – 10 и 11 ‒ 15 

(обжатие заготовки бойком на 5 мм с одновременным 
опусканием последнего на 5 мм; рабочая поверхность 

бойка выполнена по переменному радиусу)

Point
Displ ace-
ment, mm Stress, MPa

UX UZ SX SY SZ SXZ
Results along the line passing through points 1 ‒ 5
1 ‒3.9 0.2 0 ‒22.7 0.5 0
2 ‒4.4 ‒2.3 ‒91.0 ‒43.4 ‒8.7 ‒7.7
3 ‒5.0 ‒5.0 ‒152.0 ‒106.7 ‒105.7 5.2
4 ‒0.4 ‒6.2 0.2 24.4 29.4 1.5
5 ‒0.1 ‒6.3 ‒2.1 ‒5.2 0.9 1.2

Мin along line 
1 ‒ 5 0 0.2 9.3 24.4 33.9 28.0

Мах along line 
1 ‒ 5 ‒5.0 ‒6.3 ‒155.0 ‒127.0 ‒112.8 ‒24.3

Results along the line passing through points 6 ‒ 10
6 ‒4.1 0.2 0 ‒7,1 0.5 0
7 ‒2.3 ‒1.6 ‒84.7 ‒39.4 ‒44.7 ‒5.9
8 ‒3.0 ‒5.2 ‒186.5 ‒104.1 ‒71.0 10.8
9 ‒0.3 ‒6.6 ‒24.9 –5.4 ‒23.5 ‒9.1
10 0 ‒6.3 ‒17.6 ‒12.3 ‒0.2 ‒1.2

Мin along line 
6 ‒ 10 0 0.2 0 15.1 5.2 10.8

Мах along line 
6 ‒ 10 ‒4.4 ‒6.7 ‒188.4 ‒104.1 ‒73.7 ‒14.5

Results along the line passing through points 11 ‒ 15
11 0 ‒1.6 ‒0.2 6.0 1.6 ‒0.6
12 ‒0.1 ‒2.5 ‒106.4 ‒52.4 ‒43.0 31.3
13 ‒0.1 ‒3.7 ‒190.0 ‒131.2 ‒117.6 ‒39.1
14 0 ‒6.4 ‒42.0 ‒11.3 ‒15.5 ‒12.3
15 0 ‒6.3 ‒30.9 ‒16.1 ‒9.1 ‒2.5

Мin along line 
11 ‒ 15 0 ‒1.4 ‒0.2 13.8 2.1 36.4

Мах along line 
11 ‒ 15 ‒0.1 ‒6.5 ‒190.0 ‒137.0 ‒137.2 ‒48.6

Fig. 2. Patterns of displacements (а) and stresses (b, c, d) 
along the lines passing through points 1 – 2 – 3 – 4 – 5 (а, b), 

6 – 7 – 8 – 9 – 10 (c) and 11 – 12 – 13 – 14 – 15 (d) 
(billet compression with the anvil by 5 mm while simultaneous 

lowering by 5 mm, working surface of the anvil 
is made with a variable radius) 

Рис. 2. Характер перемещений (а) и напряжений (b, c, d) 
по линиям, проведенным через точки 

1 – 2 – 3 – 4 – 5 (а, b), 6 – 7 – 8 – 9 – 10 (c) 
и 11 – 12 – 13 – 14 – 15 (d) (обжатие заготовки бойком на 5 мм 

с одновременным опусканием последнего на 5 мм, рабочая 
поверхность бойка выполнена по переменному радиусу)

 Calculation of the stress-strain state
 

of the mandrel

The stress-strain state of a mandrel with a diameter 
of 60 mm and a channel diameter of 10 mm was calcu-
lated. This was done by solving an elastoplastic problem 
using the finite element method within the ANSYS soft-
ware package [8 – 10]. 
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The simulation involved compressing the billet by 
5 mm (anvil movement of ‒5 mm along the X-axis) while 
simultaneously lowering the anvil by 5 mm (anvil move-
ment of ‒5 mm along the Z-axis). 

The calculation results are provided along the line 
passing through points 16 ‒ 20 (Fig. 3). The stress dis-
tribution is shown in Fig. 4. In addition to the graphs, 
Table 2 provides specific values of displacements and 
stresses at points 16 ‒ 20. Since the maximum and mini-
mum values of the parameters are not always located at 
these points, the maximum and minimum displacements 
and stresses along this line are also provided [14 ‒ 16].

The data indicate that at the contact surface between 
the mandrel and the billet wall in the deformation center 
(along line 17 ‒ 18 ‒ 19), the mandrel experiences maxi-
mum compressive stresses (‒130.8 MPa) in the direction 
of the X-axis. This should be considered when select-
ing the structural parameters and material for the mand-
rel [17 – 20].

 Conclusion

The regularities of metal displacement and axial stress 
distribution in the deformation centers during the com-
pression of the hollow billet wall by anvils with a variable 
radius working surface have been determined. The stressed 
state of the mandrel during the production of steel hollow 
billets in a unit of combined continuous casting and defor-
mation processes has also been established.

Fig. 3. Location of points for representing the calculation results 
of the mandrel

Рис. 3. Положение точек для представления результатов 
расчета оправки

Fig. 4. Stress patterns along the lines passing through 
the points 16 – 17 – 18 – 19 – 20:

a and b – compression by 5 and 11 mm

Рис. 4. Характер напряжений по линиям, проведенным 
через точки 16 – 17 – 18 – 19 – 20:

а и b – обжатие 5 и 11 мм

Table 2. Results of calculation at the lines’ points, 
maximum and minimum values of the studied parameters 

along the line passing through the points 16 ‒ 20 
(working surface of the anvil is made with a variable radius)

Таблица 2. Результаты расчета в точках линий, 
а также максимальные и минимальные значения 
исследуемых параметров по линии, проходящей 

через точки 16 ‒ 20 
(рабочая поверхность бойка по переменному радиусу)

Point
Displace-
ment, mm Stress, MPa

UX UZ SX SY SZ SXZ
16 ‒0.01 ‒0.08 0 0 3.90 0
17 ‒0.07 ‒0.15 ‒66.90 ‒13.20 ‒10.00 19.60
18 ‒0.12 ‒0.27 ‒127.20 ‒29.20 ‒20.20 ‒25.60
19 ‒0.06 ‒0.27 ‒56.80 ‒30.10 ‒37.00 ‒22.10
20 0 ‒0.25 ‒5.30 ‒2.10 –4.00 ‒3.80

Мin along 
line 

16 ‒ 20
0 ‒0.08 0 0 8.60 19.60

Мах along 
line 

16 ‒ 20
‒0.12 ‒0.29 ‒130.80 ‒47.50 ‒51.20 ‒37.40
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Аннотация. В статье приведены результаты численного решения задачи по моделированию процесса возможного трещинообразо-

вания в оболочковой форме (ОФ) шарообразной конфигурации при заливке в нее жидкой стали и охлаждении затвердевающей 
отливки. Численная схема осесимметричной задачи и алгоритм решения были приведены в части 1. Трещиностойкость оценивается 
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Abstract. The paper presents the results of numerical calculations of the solution to the problem of modeling the process of possible cracking in a 

spherical shell mold when pouring liquid steel into it and cooling the solidifying casting. The numerical scheme of the axisymmetric problem and 
the algorithm for its solution were given in Part 1. The crack resistance is estimated by magnitude of the normal stresses in the ceramic shell during 
its co-cooling with a solidifying casting. The results detailed analysis considered: fields of displacement, stresses, and temperatures both on spherical 
surface and in growing crust of solidified metal. The solution took into account the change in the shear modulus of the mold material from temperature, 
and an assessment of this refinement was given. The problem was solved in two ways. The first – with a constant shift modulus of the shell mold; 
the second – with its temperature-dependent shift modulus. There is a significant difference between these variants in terms of magnitude of the normal 
stresses arising in the shell mold. The authors analyzed resistance of the shell mold spherical geometry to external influences from its support filler and 
filling funnel. The problem of determining the contact and free surfaces at the boundary of the shell mold and support filler was solved. The results 
are presented graphically in the form of diagrams of stresses and temperatures over the studied area in its different sections and time intervals for 
cooling of the growing metal crust. The role of compressive normal stresses σ22 , σ33 on the surface of contact of the shell mold with liquid metal 
at the initial moment of cooling on probability of cracking in a spherical mold is shown. The level of strain-stress state in a spherical shell mold when 
cooling a steel casting in it is significantly determined by dependence of shift modulus of the shell mold on temperature. 
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 Introduction

Previous studies on the influence of the stress-strain 
state (SSS) on the crack resistance of shell molds (SM) 
during the pouring of liquid metal and subsequent cool-
ing with the solidifying casting were conducted using 
shell molds for investment casting (IC) in the form of ris-
ers with both cylindrical and spherical (sump) shapes. 
Numerous theoretical and experimental investigations 
have been carried out to identify the features of the SSS 
in ceramic shell molds and the resulting castings in 
investment casting. These studies examined various 
factors, including the materials used in the investment 
models [1; 2], the shape and geometry of the SM [3; 4], 
the mold wall thickness [5; 6], the mold material [7; 8], 
the geometry of the castings [9 ‒ 11], methods for testing 
mold strength, and more [12; 13].

Mathematical modeling of these processes has 
also been presented in other works, covering mode-
ling me thods [14], research [15 ‒ 17], numerical mo  de-
ling [18 ‒ 20], specialized mathematical mo dels [21 ‒ 23], 
and software tools [24; 25].

The production of spherical and globular IC castings, 
and consequently the resistance of the SM to cracking 
during the formation of such castings, is of both scien-
tific and practical interest. The materials in this study are 
focused on addressing this issue.

In [26], the general approach to constructing a math-
ematical model for determining the SSS and temperature 
in an SM during the cooling of a spherical casting was 
presented, along with the numerical scheme and algo-
rithm for solving the problem using developed software 
packages [27; 28]. This study presents the results of theo-
retical and numerical research aimed at solving the out-
lined problem.

 Main body

In [26], the general problem of cooling a spherical 
casting in a shell mold was described. 

Fig. 1 illustrates the computational scheme of the pro-
cess under study, considering axial symmetry (where 
the angle α defines the size of the gating window, and 
the angle φ defines the extent of the SM’s coverage 
by the supporting filler (SF)). 

 Initial date

Geometric parameters: S = 5 mm, R1 = 20 mm.
Time intervals ∆τn : 0.1; 1.0; 2.0; 4.0; 5.0; 5.0; 5.0; 

10.0; 10.0; 1.0; 2.0; 5.0; 1.0; 1.0; 3.0; 3.0; 5.0; 10.0; 
10.0 s; the friction parameter on surface S3 (Fig. 1) is 
ψ = 0.001.

Domain partitioning: N1×N2 = 10×30.
Accepted physical parameters of the cast steel 

at a tem perature of θ > 1000 °C (  = 1500 °C): 
G = 1000 kg/mm2 (shear modulus); α = 12∙10‒6 °С‒1 
(coefficient of linear expansion); λ = 0.0298 W/(mm∙°C) 
(thermal conductivity coefficient); L = 270·103 J/kg 
(latent heat of fusion); C = 444 J/(kg·°C) (specific heat 
capacity); γ = 7.80·10‒6 kg/mm3 (density); θs = 1450 °C 
(solidification temperature).

Physical properties of the ceramic mold: Gm = 
= 2910 kg/mm2; α = 0.51·10‒6 °С‒1; λ = 0.000812 W/(mm·°C); 
C = 840 J/(kg·°C); γ = 2.0·10‒6 kg/mm3.

Some theoretical studies [29] have shown that during 
the cooling of steel in an SM with α angles of 10 and 
30° and φ = (180° – α), significant compressive stresses 
σ22 and σ33 can occur, potentially exceeding the com-
pressive strength of the ceramic material. When α = 30°, 
the stresses σii , i = 2, 3 are slightly lower in absolute value 

по величине нормальных напряжений в керамической ОФ в процессе ее совместного охлаждения с затвердевающей отливкой. При 
детальном анализе результатов были учтены поля перемещений, напряжений, температур как в сферической ОФ, так и в нараста-
ющей корочке затвердевшего металла. При решении учитывалось изменение модуля сдвига материала формы от температуры, 
и была дана оценка этого уточнения. Задачу решали двумя способами. Первый – с постоянным модулем сдвига ОФ; второй – с 
модулем сдвига ОФ, зависящим от температуры. Между этими вариантами есть существенная разница в величине нормальных 
напряжений, возникающих в ОФ. Авторы проанализировали стойкости ОФ сферической геометрии от внешних воздействий со 
стороны опорного наполнителя (ОН) оболочковой формы и заливочной воронки. Была решена задача по определению контактной 
и свободной поверхностей на границе ОФ и ОН. Результаты решения задачи представлены графически в виде эпюр напряжений, 
температур по исследуемой области в разных ее сечениях и временных интервалах охлаждения ОФ и нарастающей корочки 
металла. Показана роль сжимающих нормальных напряжений σ22 , σ33 на поверхности соприкосновения ОФ с жидким металлом в 
начальный момент охлаждения на вероятность трещинообразования в сферической форме. Уровень напряженно-деформированного 
состояния в сферической ОФ при охлаждении в ней стальной отливки существенно определяется зависимостью модуля сдвига ОФ 
от температуры. 

Ключевые слова: литье по выплавляемым моделям, оболочковая форма, напряженное состояние, моделирование, трещинообразование
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than at α = 10°. Fig. 2 shows the distribution of normal 
stresses σii in the SM at α = 10°: (a) after 7.1 s of cool-
ing, (b) after 51.1 s. 

Fig. 3 illustrates the distribution of stresses σ22 and 
σ33 in the solidified metal shell after 60.1 s of cooling; 
solid lines represent the distributions at α = 30°, while 
dashed lines represent those at α = 10°.

The values of σ22 and σ33 on the surface adjacent 
to the liquid metal are greater (in magnitude) than on 
the surface of the SM, which is explained by the con-
stant shear modulus Gm of the forming solid metal 
(1000 kg/mm2), independent of temperature. As in 
the SM, the stresses σ22 and σ33 are compressive, and at 
α = 10°, they are higher than at α = 30°.

Fig. 4, а shows the distribution of stresses σ11 in 
the solidified metal skin after 60.1 s. The stresses σ11 are 
compressive throughout the cross-section: solid lines indi-
cate σ11 at α = 30°, while dashed lines show them at α = 10°.

Fig. 4, b shows the growth curves of the skin thick-
ness (S) and the stress σ33 over time. As the angle α increa-
ses, the normal stresses decrease slightly (in magnitude). 

Further increasing α is unnecessary, as the metal skin 
continues to grow with only minor changes in normal 
stresses.

Fig. 1. Calculation scheme of a spherical ceramic shell mold  
molded in support filler and filled with liquid metal,  

taking into account axial symmetry:
LM – liquid metal; ТМ ‒ solid metal; SM – shell mold;  

SF – support filler; S1 – inner contact surface of liquid and solidified 
metal; S2 – inner contact surface of solidified metal and shell mold;  

S3 – outer surface of shell mold; S4 – free surface of the end face  
of casting cup; R1 ‒ radius of spherical casting; S ‒ thickness of shell 

mold; ST ‒ thickness of solidified metal crust; α ‒ slope angle of funnel; 
φ ‒ angle of enclosing surface of shell mold with a support filler

Рис. 1. Расчетная схема шарообразной ОФ,  
заформованной в опорный наполнитель и залитой  

жидким металлом, с учетом осевой симметрии:
LM – жидкий металл; ТМ ‒ твердый металл;  

SF – оболочковая форма; TM – опорный наполнитель;  
S1 – внутренняя поверхность контакта жидкого и затвердевшего  
металла; S2 – внутренняя поверхность контакта затвердевшего 

металла и оболочковой формы; S3 – внешняя поверхность  
оболочковой формы; S4 – свободная поверхность торца литниковой 

чаши ОФ; R1 ‒ радиус шарообразной отливки;  
S – толщина оболочковой формы; ST – толщина корочки  

затвердевшего металла; α ‒ угол наклона литниковой воронки;  
φ – угол охвата поверхности оболочковой формы  

опорным наполнителем

Fig. 2. Diagrams of normal stresses σ11 in shell mold at α = 10°  
and time of casting cooling 7.1 s (a) and 51.1 s (b) 

 
Рис. 2. Эпюры нормальных напряжений σ11 в ОФ при α = 10°  

при времени охлаждения отливки 7,1 с (а) и 51,1 с (b)

Fig. 3. Diagrams of normal stresses σ22 (а) and σ33 (b) in forming metal 
crust at α = 30° (solid lines) and α = 10° (dashed lines) and time 

of casting cooling 60.1 s

Рис. 3. Эпюры нормальных напряжений σ22 (а) и σ33 (b) 
в образующей корочке металла при α = 30° (сплошные линии) 

и α = 10° (штриховые линии) и времени охлаждения отливки 60,1 с
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The results were obtained assuming a constant (ave-
rage) shear modulus for the SM (Gm ). 

As indicated in [29], the temperature in the SM 
adjacent to the solidifying metal is very high (around 
1300 °C). At this temperature, the ceramic is practically 
in a softened state, meaning the shear modulus in this 
area will be much lower than the average value of Gm for 
the shell mold. We will use experimental data (Fig. 5) 
obtained in [30] from testing ceramic samples made from 
a binder material (SiO2 + MgPO4 ). 

Approximating the results presented in Fig. 5, we 
obtain: 

Gm = 6412 – 6.37θ, kg/mm2 for 300 °С < θ < 1000 °С;

Gm = 40 kg/mm2 for θ ≥ 1000 °С;

Gm = 4500 kg/mm2 for θ < 300 °С.

The results of the solution with a temperature-depen-
dent shear modulus of the SM are shown in Fig. 6 at 
α = 10° as distributions of σii , i = 1, 2, 3 for τ = 1.12 s 
(solid lines); τ = 7.12 s (dashed lines). 

During thermal shock and cooling at τ = 1.12 s, 
the stresses σ22 and σ33 have the highest values (in abso-
lute terms) in the SM’s contact zone with the metal, 
but they change sharply with cooling time. All normal 
stresses are compressive. The stresses σ33 in the forming 
skin (S = 6 mm) after τ = 7.12 s are shown in Fig. 7. 

With further cooling, the stresses σii decrease. 
The most critical period for failure is the initial cool-

ing phase (0 < τ < 8 s) (Fig. 6). 
Figs. 8 and 9 show the calculation results for α = 30°, 

τ = 1.12 s (solid lines); τ = 7.12 s (dashed lines). 
As seen, the pattern is approximately the same, but 

the values of σii , i = 1, 2, 3 are slightly lower than at 

Fig. 4. Diagrams of normal stresses σ11 (а) in crystallized metal crust 
after casting cooling for 60.1 s and growth curves of metal crust (S) 

and stresses σ33 (b) with cooling time
 

Рис. 4. Эпюры нормальных напряжений σ11 (а) 
в закристаллизовавшейся корочке металла через время охлаждения 

отливки 60,1 с и кривые роста величины корочки металла (S) 
и напряжений σ33 (b) со временем охлаждения

Fig. 5. Experimental data on tests of ceramic samples 
made of a binder (SiO2 + MgPO4 )

 
Рис. 5. Экспериментальные данные при испытании керамических 
образцов, выполненных из связующего материала (SiO2 + MgPO4 )
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Fig. 6. Temperatures field (a), diagrams of normal stresses σ22 (b) 
and σ33 (c) in ceramic mold at time 

of casting cooling 1.12 s ( ) and 7.12 s ( )
 

Рис. 6. Поле температур (a), эпюры нормальных напряжений σ22 (b) 
и σ33 (c) в ОФ при α = 10° и времени охлаждения 

отливки 1,12 с ( ) и 7,12 c ( )

α = 10°, and small tensile stresses σ22 and σ33 have even 
appeared in the SM at the interface with the SF (Fig. 8). In 
the metal skin (S = 6 mm) after τ = 7.12 s, the stresses σ33 
are shown (Fig. 9), which are also lower than at α = 10° 
(Fig. 3, b).

Further cooling shows that normal stresses decrease, 
and the distributions of σii for τ = 32.12 and 52.12 s are 
close to each other. 

Regarding the effect of the cylindrical SM material 
on its durability, these results were presented in pre vious 
works by the authors, where in the case under conside-
ration, the most critical factor for potential crack forma-
tion in the SM is the tensile normal stresses σ22 in the outer 
layer of the shell, which is in contact with the supporting 
filler.

Considering the temperature dependence of the shear 
modulus in the SM significantly affects the stress-strain 
state during the cooling of the steel casting within it. 
Under the given external conditions for the metal cool-
ing process in a spherical SM, its durability at the initial 
moment of pouring is questionable.

 Conclusions

A more accurate solution to the problem was obtained 
by considering the temperature-dependent change in 

Fig. 7. Diagrams of normal stresses σ33 in resulting metal crust 
(S = 6 mm) at time of casting cooling 7.12 s 

Рис. 7. Эпюры нормальных напряжений σ33 в образующейся 
металлической корочке (S = 6 мм) при времени 

охлаждения отливки 7,12 c



Известия вузов. Черная металлургия. 2024;67(4):463–470.
Одиноков В.И., Евстигнеев А.И. и др. Напряженно-деформированное состояние керамической оболочковой формы ...

468

the shear modulus of the mold material, which signifi-
cantly impacted the results. The analysis of the SSS in a 
spherical SM during the pouring of a steel casting showed 

that compressive stresses σ22 and σ33 at the interface 
between the SM and the liquid metal at the initial cool-
ing stage are critical. Significant compressive stresses 
σ11 (up to 10 MPa) at the interface between the SM and 
the SF indicate the possibility and necessity of further 
theoretical study of this process by modeling the surface 
coverage area of the SF.
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 Introduction

The quality of steel is significantly influenced by non-
metallic inclusions (NMI). The presence of NMI in 
the finished metal disrupts its homogeneity, degrades sur-
face properties, fatigue strength, and plastic characteris-
tics of the metal [1 – 3]. NMIs act as stress concentrators 
during deformation, rolling, and stamping of the steel 
sheet, which subsequently leads to the formation of sur-
face defects [4 – 7]. A negative effect of increased NMI 
content in molten steel is also the clogging of steel cast-
ing nozzles, which drastically reduces casting speed and 
impairs production efficiency [8].

Various production factors affect the quantity, shape, 
size, and type of oxide NMIs in steel: 

– chemical composition, oxidation state, temperature 
of the steel and slag;

– chemical and fractional composition of deoxidizers, 
slag-forming and alloying materials, and their introduc-
tion regime; 

– inert gas blowing regime of the melt; 
– vacuum treatment technology; 
– chemical composition of the lining. 
Inclusions larger than 50 µm are unevenly distributed 

and are significantly fewer in number. However, they 
substantially impact the quality of the finished product, 
as fatigue failure always occurs in the vicinity of large 
NMIs regardless of their composition [4; 9 – 11].

Most researchers consider NMIs as initiation 
sites for hydrogen cracking [12 – 14]. There is a cor-
relation between CaO – Al2O3 , MgO – Al2O3 inclu-
sions and internal and external irregularity defects in 
the metal [15; 16].

The aim of this study is to compare methods for 
determining the contamination of metal by NMIs. One 
of the most common methods for quantitatively assessing 
NMI content in steel is metallographic analysis – com-
paring the sizes and shapes of NMIs found in the metal 
with standard scales using point-counting scales and 
quantitative optical microscopy as per ASTM E1245-03 
standard, determining the volume fraction and size distri-
bution of inclusions [17 – 20].

The fractional gas analysis (FGA) method allows 
determining the total oxygen content in various types 
of oxide NMIs and their volume fraction, provi ding 
a more compre hensive picture of the various types 
of NMIs present in the steel [21 – 23].

 Assessing metal contamination by NMIs
 

using optical microscopy as per
ASTM E1245-03

The assessment of metal contamination by NMIs 
using optical microscopy according to ASTM E1245-03 
standard was conducted with an optical microscope on 
a properly prepared polished specimen. Images were 
captured with a camera. The recognition and identifi-
cation of inclusions were based on differences in grey 
level intensity when compared with each other and with 
the unetched matrix. The measurements and classifica-
tion of NMIs depended on the nature (oxides, sulfides) 
of the identified elements in the image. These measure-
ments were performed in each selected field of view. 
The polished specimen surface needed to be sufficiently 
large (at least 160 mm2) to measure at least 100 fields 
of view at the required magnification. 

For the study of NMI content, two columns from two 
continuously cast billets were selected. One column was 
taken from the middle of the continuously cast billet, 
and the other from the 1/4 width zone of the ingot. Each 
column was divided into seven samples. The sampling 
scheme is shown in Fig. 1. Table 1 presents the sample 
labeling. 

Samples 1, 2, 4, 6, and 7 from each column were ana-
lyzed. Samples 3 and 5 were not examined. 

To prepare samples for evaluating metal con-
tamination by NMIs using optical microscopy as per 
ASTM E1245-03 standard, metal samples were ground 
and polished to achieve the required surface quality. 
The analysis per ASTM E1245-03 standard was con-
ducted on a 200 mm2 surface area for each sample. As 
a result of the analysis, two main types of NMIs were 
identified: oxides and sulfides. Oxide-sulfide compounds 
were also observed as oxysulfides. These oxysulfide 
inclusions were divided into two parts based on grey 
shades: oxide and sulfide. Table 2 presents the results 

сделан вывод о том, что в пробах металла обоих слитков преобладают такие оксидные НВ, как алюминаты. Проведено сравнение 
результатов определения содержания кислорода в НВ, полученного методом ФГА, и количества попаданий искр (спарков) во вклю-
чения при анализе методом PDA. Анализ зависимостей показал, что есть два четко выраженных распределения точек. Для прове-
дения анализа методом PDA разработана программа, позволяющая определить количество НВ различных типов в образцах металла 
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of the calculation of the total volume fraction of NMIs 
and separately the volume fractions of oxide and sulfide 
inclusions. 

The study results indicated that the average percent-
age content of oxides and sulfides in the metal across all 
samples was 10 and 90 %, respectively. However, in sam-
ples 111 and 121, the relative oxide content was higher 
(31 and 17 % sulfides, respectively), indicating uneven 
distribution of NMIs. Uneven distribution of NMIs was 
also observed in samples located closer to the small 
radius (111, 121). The upper zone of the samples showed 
minimal NMI content, with their size not exceeding 
10 µm, and the majority of inclusions located below 1/3 
of the sample height. Thus, the upper 1/3 of the samples 
were cleaner in terms of inclusions than the lower 2/3. 
Samples (111, 112, 121, 122, 211, 212, 221, 222) clo-
sest to the small radius had a higher total volume frac-
tion of NMIs compared to other samples. Figs. 2 – 5 
compare the results of total volume fraction calculations 
of NMIs obtained from the same samples in the laborato-
ries of PJSC “Novolipetsk Metallurgical Plant” (PCL and 
R&D) and Laboratory No. 17 of IMET RAS. 

Table 1. Sample labeling

Таблица 1. Маркировка образцов

Sample label Sample description

11Х
Column from 1/2 width of slab 1, 
Х – sample number in the column

12Х
Column from 1/4 width of slab 1,
Х – sample number in the column

21Х
Column from 1/2 width of slab 2,
Х – sample number in the column

22Х
Column from 1/4 width of slab 2,
Х – sample number in the column

Table 2. Total volume fraction of non­metallic inclusions 
in the samples and volume fraction of oxide 

and sulfide inclusions, %

Таблица 2. Объемная доля всех НВ в образцах 
и объемная доля оксидных и сульфидных включений, %

Sample NMIs total 
volume fraction Oxide NMIs Sulfide NMIs

111 0.0444 0.0139 0.0305
112 0.0447 0.0047 0.0400
114 0.0230 0.0020 0.0210
116 0.0220 0.0020 0.0200
117 0.0104 0.0007 0.0097
121 0.0553 0.0093 0.0460
122 0.0391 0.0031 0.0360
124 0.0379 0.0029 0.0350
126 0.0286 0.0026 0.0260
127 0.0219 0.0019 0.0200
211 0.0274 0.0024 0.0250
212 0.0298 0.0018 0.0280
214 0.0215 0.0025 0.0190
216 0.0265 0.0025 0.0240
217 0.0200 0.0020 0.0180
221 0.0250 0.0020 0.0230
222 0.0264 0.0014 0.0250
224 0.0292 0.0022 0.0270
226 0.0204 0.0024 0.0180
227 0.0186 0.0016 0.0170

Figs. 2 – 5 show that the metal purity by NMIs in 
the second slab was slightly higher than in the first slab. 
The total volume fraction of NMIs in the metal of the sec-
ond slab did not exceed 0.035 %, whereas in the first slab 
it varied from 0.020 to 0.055 %. It can be concluded that 
the second slab was more homogeneous in NMI content 
throughout its height and contained fewer inclusions than 
the first slab.

 Determining metal contamination by NMIs
 

using fractional gas analysis (FGA)

To determine the content of oxide NMIs formed in 
the steel, fractional gas analysis (FGA) was conducted 
on the selected metal samples. The FGA method allows 
the determination of total oxygen and nitrogen content, 
the amount of oxygen in various types of oxide NMIs, and 
the calculation of the volume fraction of different types 
of oxide NMIs. The main advantage of the FGA method 
is that it provides rapid information on the total oxygen 
and nitrogen content in the metal, as well as the oxygen 
distributed in different types of oxide NMIs.

Fig. 1. Sampling scheme

Рис. 1. Схема отбора образцов
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FGA is a modification of the reduction melting method 
in a graphite crucible under a stream of carrier gas 
at a specified linear heating rate of the sample. The analy-
sis method is based on the difference in the temperature 
dependence of the thermodynamic stability of oxides, 
which contain the majority of the bound oxygen in 
the metal. As the melt temperature increases, oxides are 
reduced by carbon, and oxygen is extracted from the melt 
as carbon monoxide according to the reaction 

Zx Oy (k) + yC(graph.) = x[Z](Fe – C(sat.)) + уСО(g).

The reduction of oxide NMIs contained in the metal is 
a complex process involving several stages, such as:

– melting of the sample and spreading of the melt over 
the graphite crucible;

– diffusion of carbon from the graphite crucible 
into the sample material;

– dissociation and reduction of oxide inclusions 
by carbon in the melt with the formation of CO molecules 
and bubbles;

– internal mass transfer of reaction products 
to the sample surface;

– removal of reaction products from the reaction sur-
face and mass transfer in the gas phase. 

A typical curve of carbon dioxide emission intensity 
from a metal sample depending on the melt temperature 
is shown in Fig. 6. The FGA results, processed using 
the proprietary software “Oxide Separation Pro” are 
shown in Fig. 7. 

Fig. 2. Comparison of the results of calculating the volume fractions 
of non-metallic inclusions for the samples from the central column 

of 1 ingot:
 – PCL;  – R&D;  – Laboratory No. 17

Рис. 2. Сравнения результатов расчета объемных долей НВ 
для образцов, отобранных от центрального столбика слитка 1:

 – ЦЛК;  – R&D;  – Лаборатория № 17

Fig. 3. Comparison of the results of calculating the volume fractions 
of non-metallic inclusions for the samples from the outer column 

of 1 ingot:
 – PCL;  – R&D;  – Laboratory No. 17

Рис. 3. Сравнения результатов расчета объемных долей НВ 
для образцов, отобранных от крайнего столбика слитка 1:

 – ЦЛК;  – R&D;  – Лаборатория № 17

Fig. 4. Comparison of the results of calculating the volume fractions 
of non-metallic inclusions for the samples from the central column 

of 2 ingot:
 – PCL;  – R&D;  – Laboratory No. 17

Рис. 4. Сравнения результатов расчета объемных долей НВ 
для образцов, отобранных от центрального столбика слитка 2:

 – ЦЛК;  – R&D;  – Лаборатория № 17

Fig. 5. Comparison of the results of calculating the volume fractions 
of non-metallic inclusions for the samples from the outer column 

of 2 ingot:
 – PCL;  – R&D;  – Laboratory No. 17

Рис. 5. Сравнения результатов расчета объемных долей НВ 
для образцов, отобранных от крайнего столбика слитка 2:

 – ЦЛК;  – R&D;  – Лаборатория № 17
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For the FGA studies, three samples weighing 1.0 – 1.5 g 
were cut from each metal sample. Their surface was 
cleaned with a file to remove the oxide film and con-
taminants. After mechanical cleaning, the samples were 

washed with alcohol and dried. The FGA results are pre-
sented in Figs. 8 – 11. 

The average values and standard deviations (SD) 
of the results for total oxygen and nitrogen, as well as 

Fig. 6. Gas emission curve from the sample (evologram) 

Рис. 6. Кривая газовыделения из образца (эволограмма)

Fig. 7. Processing PGA results 
in Oxide Separation Pro program

Рис. 7. Обработка результатов ФГА 
в программе Oxide Separation Pro

Fig. 8. FGA results of the samples from the central column 
of ingot 1:

 – silicates;  – aluminates;  – spinel; 
1 – oxygen; 2 – nitrogen

Рис. 8. Результаты ФГА образцов от центрального столбика 
слитка 1:

 – силикаты;  – алюминаты;  – шпинель; 
1 – кислород; 2 – азот

Fig. 10. FGA results of the samples from the central column 
of ingot 2:

 – silicates;  – aluminates;  – spinel; 
1 – oxygen; 2 – nitrogen

Рис. 10. Результаты ФГА образцов центрального столбика 
слитка 2:

 – силикаты;  – алюминаты;  – шпинель; 
1 – кислород; 2 – азот

Fig. 9. FGA results of the samples from the outer column (1/4 width) 
of ingot 1:

 – silicates;  – aluminates;  – spinel; 
1 – oxygen; 2 – nitrogen

Рис. 9. Результаты ФГА образцов крайнего столбика (1/4 ширины) 
слитка 1:

 – силикаты;  – алюминаты;  – шпинель; 
1 – кислород; 2 – азот

Fig. 11. FGA results of the samples from the outer column (1/4 width) 
of ingot 2:

 – silicates;  – aluminates;  – spinel; 
1 – oxygen; 2 – nitrogen

Рис. 11. Результаты ФГА образцов крайнего столбика (1/4 ширины) 
слитка 2:

 – силикаты;  – алюминаты;  – шпинель; 
1 – кислород; 2 – азот
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oxygen in NMIs, for samples from ingots 1 and 2 are pre-
sented in Table 3.

The FGA results indicate that the metal samples from 
both ingots predominantly contain oxide NMIs such as 
aluminates (Figs. 8 – 11). Fig. 8 and 9 for ingot 1 show 
an increasing trend in spinel content from the central part 
of the columns (samples 114, 124) to the large radius 
of the ingot (samples 116, 117, 126, 127). In the samples 
of ingot 2 (Figs. 10, 11), unlike ingot 1, spinel-type inclu-
sions are virtually absent. The average total oxygen con-

tent in ingot 1 is 0.0036 % for samples 11X and 0.0033 % 
for samples 12X. The average nitrogen content is 0.0041 
and 0.0040 %, respectively. In ingot 2, the average 
total oxygen content is 0.0021 % for samples 21X and 
0.0020 % for samples 22X. The average nitrogen content 
is 0.0020 and 0.0022 %, respectively. 

Based on the average oxygen, nitrogen, and oxygen 
in NMIs, it can be concluded that ingot 2 is cleaner than 
ingot 1. This corresponds to the results obtained when 
calculating the volume fractions of inclusions using 
the metallographic method. Fig. 12 and 13 present cor-
relations between the oxygen content in NMIs obtained 
by the FGA method in the studied samples and the number 
of sparks in inclusions during optical-emission spectro-
metric PDA analysis for identical samples on two different 
spectrometers (R&D and PCL). Fig. 14 shows the correla-
tion between the total oxygen content in NMIs and the oxy-
gen content in aluminates obtained by the FGA method. 
Fig. 15 shows the correlation between the oxygen content 
in NMIs obtained by the FGA method and the oxide con-
tent obtained from poli shed specimens analyzed by opti-
cal microscopy according to ASTM E1245-03 standard in 
Laboratory No. 17.

Fig. 12 and 13 highlight two regions of data points. 
The first region corresponds to the results from ingot 2, 
and the second to ingot 1.

A clear correlation is observed between the oxygen 
content in NMIs and the oxygen content in aluminates 
obtained by FGA (Fig. 14).

Table 3. Average values and SD of total oxygen and nitrogen, oxygen in non­metallic inclusions for ingots 1 and 2, %

Таблица 3. Средние значения и СКО общего кислорода и азота, кислорода в НВ для слитков 1 и 2, %

Ingot O O (SD) N N (SD) O in NMIs O in NMIs (SD)
1 0.0034 0.0005 0.0041 0.0004 0.0028 0.0004
2 0.0020 0.0004 0.0021 0.0002 0.0016 0.0002

Fig. 12. Correlation between the oxygen content in non-metallic 
inclusions obtained by FGA method and number of sparks in inclusions 

by PDA (R&D) method for the samples of different ingots

Рис. 12. Корреляция между содержанием кислорода в НВ, 
полученного методом ФГА, и количеством попаданий спарков 

во включения методом PDA (R&D) для образцов разных слитков

Fig. 13. Correlation between oxygen content in non-metallic inclusions 
obtained by FGA method and number of sparks in inclusions 

by PDA method (Plant Central Laboratory – PCL) 

Рис. 13. Корреляция между содержанием кислорода в НВ, 
полученного методом ФГА, и количеством попаданий спарков 

во включения методом PDA (ЦЛК) для образцов разных слитков

Fig. 14. Correlation between oxygen content in non-metallic inclusions 
and amount of oxygen in aluminates obtained by FGA method

Рис. 14. Корреляция между общим содержанием кислорода 
в НВ и количеством кислорода, содержащегося в алюминатах, 

полученных методом ФГА
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An analysis of the spectral data array of metal sam-
ples on spectrometers was conducted. The files display 
the emission intensities of spectral wavelengths of vario us 
elements for each spark (Iel ). 

Based on the results of metal contamination assess-
ment by NMIs according to ASTM E1245-03 standard, 
a correlation equation was found linking the area of NMIs 
with Iel .

Using the obtained equation, the volume fractions 
of NMIs for the studied samples were calculated. 

All calculation variants were compared with the results 
of determining the volume fraction of NMIs using optical 
microscopy (VD-NMI – total volume fraction of NMIs 
based on spectral analysis data from two spectrometers at 
the plant) (Fig. 16).

Fig. 16 shows that the results of determining the vol-
ume fraction of NMIs in metal samples according 
to ASTM E1245-03 standard and the PDA method are 
consistent. The metal sample analyses show significant 
differences in NMI content in different parts of the slabs.

 Conclusions

Studies of samples using quantitative optical metal-
lography methods according to ASTM E1245-03 stan-
dard showed that in all samples, the percentage ratio 
of oxides to sulfides in the total volume fraction averaged 
10 and 90 %, respectively. However, in samples 111 and 
121, the oxide content was higher at 31 and 17 %, respec-
tively, and these samples also exhibited uneven NMI dis-
tribution. In samples located closer to the small radius 
(111, 121), uneven NMI distribution was also observed. 
The upper zone of the samples showed minimal NMI 
content, with their size not exceeding 10 µm, and most 
inclusions were located below 1/3 of the sample height. 
Thus, the upper 1/3 of the samples were cleaner in terms 
of inclusions than the lower 2/3. 

Samples (111, 112, 121, 122, 211, 212, 221, 222) 
closest to the small casting radius had the highest volume 

Fig. 15. Correlation between oxygen content in non-metallic inclusions 
obtained by FGA method and content of oxides obtained 

by ASTM method in Laboratory No. 17

Рис. 15. Корреляция между общим содержанием 
кислорода в НВ, полученного методом ФГА 

и содержанием оксидов, полученного методом ASTM 
в лаборатории № 17

Fig. 16. Comparison of the results of determining the volume fraction of non-metallic inclusions according to ASTM Е1245-03 standard 
(PCL – Laboratory No. 17, R&D) and by PDA method (total volume fraction of non-metallic inclusions, %):

 – VF of NMI;  – PCL;  – Laboratory No. 17;  – R&D

Рис. 16. Сравнение результатов определения объемной доли НВ по стандарту ASTM Е1245-03 (ЦЛК, лаборатория № 17, R&D) 
и методом PDA (ОД-НВ, %):

 – ОД НВ;  – ЦЛК;  – лаборатория № 17;  – R&D
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fraction of NMIs compared to other samples. The total 
volume fractions of NMIs in the samples and the sepa-
rate volume fractions of oxide and sulfide inclusions were 
determined.

Comparison of the results of volume NMI fraction deter-
mination by quantitative optical metallography according 
to ASTM E1245-03 standard by PCL, R&D, and Labora-
tory No. 17 staff showed good measurement consistency. 

To determine the content of major types of oxide NMIs 
in different parts of the slabs, fractional gas analysis was 
conducted on the selected metal samples. The analysis 
concluded that oxide NMIs, such as aluminates, predomi-
nantly occur in the metal samples from both ingots. 

For ingot 1, there was an increasing trend in spinel 
content from the central part of the columns (samples 114, 
124) to the large radius of the ingot (samples 116, 117, 
126, 127). In the samples from ingot 2, unlike ingot 1, 
spinel-type inclusions were practically absent. The aver-
age total oxygen content in ingot 1 was 0.0036 % for 
samples 11X and 0.0033 % for samples 12X. The aver-
age nitrogen content was 0.0041 and 0.0040 %, respec-
tively. In ingot 2, the average total oxygen content was 
0.0021 % for samples 21X and 0.0020 % for samples 
22X. The average nitrogen content was 0.0020 and 
0.0022 %, respectively. Based on the average results for 
oxygen, nitrogen, and oxygen in NMIs content data, it 
can be concluded that ingot 2 is significantly cleaner in 
terms of oxide NMIs than ingot 1.

A comparison of the results of oxygen in NMIs deter-
mined by FGA and the number of spark hits in inclusions 
during PDA optical-emission spectral analysis (data 
from PJSC “NLMK” R&D and PCL) was conducted. 
The analysis showed two distinct distributions of data 
points. The first distribution corresponds to ingot 2, and 
the second to ingot 1. The research results also showed 
a clear correlation between the oxygen content in NMIs 
and the oxygen content in aluminates obtained by FGA. 

An analysis of the spectral data array of selected metal 
samples, obtained on the workshop spectrometer, was con-
ducted. For the analysis, software was developed to deter-
mine the number of inclusions of various types and cal-
culate their volume NMI fractions. The analysis showed 
good consistency between the results of the PDA optical-
emission spectral analysis and the quantitative optical 
metallography methods according to ASTM E1245-03 
standard.
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 Introduction

Currently, many industries and economic sectors 
exhibit a clear trend towards the large-scale adoption 
of digital twin technology for process management [1; 2]. 
This approach has proven effective in numerous cases by 
reducing energy consumption and saving raw materials. 
The essence of this approach involves creating a virtual 
counterpart, essentially a digital twin of the controlled 
unit, technological mode, or process, achieved through 
mathematical modeling [3 – 5].

One of the key prerequisites for applying this approach 
is ensuring bidirectional communication between 
the object and its virtual counterpart. In general, this 
communication can be implemented either through direct 
impact on the furnace control elements or in the form 
of advice to the technologist or operator of electric arc fur-
naces (EAF) regarding the application of specific control 
actions to the process. It is quite likely that the develop-
ment of automated process control systems with advisory 
functions can be considered part of digital twin techno-

logy, at least as prerequisites for their creation. Therefore, 
studying the features of processes occurring in electric 
arc furnaces to develop methods for controlling key tech-
nological parameters remains relevant.

In steel and cast-iron production, digital twin techno-
logies have not yet found significant application. Prelimi-
nary work on mathematical modeling of technological 
processes in steelmaking [6; 7] and blast furnaces [8 – 10] 
could serve as the basis for their creation. One of the first 
significant steps in applying digital twins to EAF control 
is the work of scientists from Nosov Magnitogorsk State 
Technical University (NMSTU) [11], which describes 
the algorithm in detail and provides an example of its use 
in a power regulator. 

The electric mode of EAFs changes significantly 
during melting [12 – 15]. As regulatory practice shows, 
operators and technologists very rarely use such an effec-
tive control lever as changing the voltage tap during 
the mel ting process. Having set a certain tap at the begin-
ning of a technological stage, they operate on it almost 
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Аннотация. В работе определен и сформулирован подход к управлению основными режимами выплавки стального полупродукта в сверх-

мощных дуговых сталеплавильных печах (ДСП) с использованием технологии цифровых двойников. Существующие регуляторы 
мощности не обладают функцией симметрирования полезных мощностей фаз и, соответственно, электрических дуг, так как они ориен-
тированы на работу со средней величиной сигнала. Авторы предлагают использовать анализ динамических характеристик, построен ных 
на мгновенных значениях входных параметров вместо действующих, как принято в большинстве реализованных устройств. Это дает 
возможность получить более точные данные о состоянии столба дуги и снизить количество требуемых времени и вычислительных 
мощностей на получение результата и формирование рекомендаций. Длительная регистрации данных при работе сверхмощной ДСП-135 
показала связь постоянной составляющей напряжения дуги с окисленностью металлического расплава. Приведен пример ее использо-
вания в качестве критерия управления окислительной стадией плавки, что позволяет снизить расход электрохимичес ких датчиков на 
каждую плавку в случае серийности выплавляемого металла. На основе регистрируемых данных подтверждена возможность своевре-
менного определения неравномерности выделения дуговой мощности между электродами печи и выдачи рекомендаций по регулиро-
ванию работы газогорелочных устройств для выравнивания скорости осаждения лома у электродов с меньшим выделением мощности. 
Авторами предложена идея использования цифровых двойников на базе моделей распределения активной мощности по зонам ванны и 
зависимости окисленности металла от расхода кислорода для контроля и управления электрическим режимом и режимом газового дутья 
на окислительной стадии процесса. Приведены упрощенные схемы этих двойников. 

Ключевые слова: дуговая сталеплавильная печь, цифровой двойник, система управления, электрический режим, электрическая дуга, рафини-
ровочный период, постоянная составляющая напряжения дуги
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throughout the entire stage, regardless of changes in 
the technological situation and arc burning conditions.

Using the digital twin algorithm and the results of their 
previous research [16; 17], the authors implemented 
the tracking of situations where the PI controller settings 
are not optimal and iteratively selected new, optimal set-
tings corresponding to the current state of the system. 
This significantly stabilized the electrical mode by reduc-
ing the standard deviations of currents and arc powers 
by 15.9 and 4.8 %, respectively, decreased the specific 
energy consumption (SEC) by 3 %, and reduced the fur-
nace operating time under current by 2 min.

However, this approach involves controlling the elect-
rode movement based on the parameters of the condition-
ally average phase and does not ensure the symmet ry 
of the furnace’s useful load. This leads to significant 
uneven distribution of arc power in the areas of indi-
vidual electrodes, given the asymmetry of the short net-
work inherent in almost all steelmaking furnaces. This 
issue requires a rather complex technical solution involv-
ing the organization of voltage signal sampling points 
directly from the furnace electrodes. It is desirable that 
in their further research, the authors address this aspect 
of optimizing the electrical mode.

 Methodology for recording signals
 

from the research object

The purpose of the electric mode is to deliver and ratio-
nally distribute electrical power within the working space 
of the furnace. In this context, the electric arc serves as 
the main component of the useful electrical load – an ele-
ment with distinctly pronounced properties and features. 
The efficiency of the melting process and the main techni-
cal and economic indicators (TEI) depend on the degree 
of development (power) and stability of the arc discharge. 
The root mean square (standard) deviations of the actual 
values of arc current and phase power from certain values 
set according to the stage of the process can undoubtedly 

serve successfully as indicators of discharge stability and 
even the thermal state of the furnace. For the digital twin 
model of the power regulator, this approach is acceptable. 
However, for the control subsystem of the electric mode, 
which aims to ensure the rational distribution of power 
in the furnace bath, more detailed information about 
the characteristics of the electric arc is required.

Therefore, it is proposed to use instantaneous values 
of input parameters in the electric mode model rather than 
actual values. The feasibility of this approach is confirmed 
by the recent interest in hybrid models of the alternating 
current Cassie-Mayer arc, based on solving the equations 
of electrical conductivity of the arc column [18 – 21]. 
However, using such models involves a rather complex 
mathematical framework and calculations, requiring sig-
nificant time and computational resources. Moreover, 
model representations do not always correspond to the real 
characteristics of the object, particularly the oscillograms 
of the arc current and voltage. Therefore, preference 
should be given to analyzing dynamic characteristics con-
structed from instantaneous signal valu es:

– dynamic voltage-current characteristic (VAC-cha-
racteristic): the dependence of the active component 
of phase voltage on current; 

– phase trajectory: dependence of the current deriva-
tive on the arc current. 

Their typical forms are shown in Fig. 1.
Based on the shape of the dynamic VAC characteris-

tic, particularly the slopes of its linear sections relative 
to the current axis, it is possible to uniquely determine 
the values of the resistances connected in series with and 
shunting the arc. This forms the basis of the dynamic 
VAC characteristic method, which is thoroughly detailed 
in [22]. 

Using this method, one can determine the parameters 
of the equivalent electrical circuit in the EAF’s work-
ing space. These parameters include the voltage drop 
across the arc, the resistance connected in series with 

Fig. 1. Typical forms of dynamic VAC and phase trajectory of circuits with non-shunted (a) and shunted (b) electric arc;  
data from a real EAF during the combustion period for liquid metal (averaging) (c)

Рис. 1. Типичные формы динамической ВАХ и фазовой траектории цепей со свободно горящей (а) 
и шунтированной (b) электрической дугой, а также данные с реальной ДСП в период горения на жидкий металл (усреднение) (c)
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it, the short network segment, and the arc power. Dur-
ing the refining stage, when the arcs are shunted by slag, 
it is possible to determine the currents in both the slag 
and arc branches, as well as the power released in these 
zones. Additionally, the analysis of the phase trajectory 
has practical applications in developing a mathematical 
model for automated control of the EAF’s electric mode 
parameters.

Unlike the use of standard deviations of power and 
actual values of electrode current and phase voltage 
to assess the stability of the arc discharge, analyzing 
the forms of phase trajectories and dynamic VAC charac-
teristics provides more illustrative information. It allows 
for monitoring the thermal state of the furnace during 
melting and timely applying control actions to the pro-
cess. To assess arc plasma instability over specific time 
intervals, effective signal processing methods are used, 
including short-time Fourier transform (STFT) [22]. 
The arc instability index

      (1)

employed by the authors represents the mean quadratic 
deviation of the phase voltage signal from its averaged 
Fourier representation  over several (8 – 12) periods, 
normalized to the amplitude of the first harmonic (U1), 
across the digital realization (i = 1 … N) of the signal 
uфi . The procedure for the averaged Fourier transform is 
described in more detail in [23].

 Experimental testing of the methodology

Fig. 2 shows the real and averaged dynamic VAC 
characteristics and phase trajectories typical for vari-
ous stages of melting, from the beginning to the end 
of the melting process. These were obtained by sampling 
and analog-to-digital conversion of electrical voltage sig-
nals from the furnace transformer outputs and derivatives 
of currents in the electrodes, sampled using Rogowski 
coils. The dynamic VAC characteristic exhibits hysteresis 
since it is constructed for the values of the total phase 
voltage. It is evident that as the charge heats, melts, and 
forms a single bath of liquid alloy, the thermal content 
of the furnace increases, and the characteristics stabilize, 
concentrating in an increasingly narrow area. 

This process is reflected in the changes in the arc 
instability indicators for individual phases, presented in 
Fig. 3. The data were obtained on a heavy-duty EAF-135 
during the smelting of a steel semi-product. The charge 
was loaded in two stages, so the first section of the char-
acteristic corresponds to the melting of the first batch 
of the charge, the second section to the melting of the sec-
ond batch and the refining period. The practical signifi-
cance of monitoring this indicator lies in providing advice 

Fig. 2. Change in dynamic characteristics of a circuit 
with electric arc at the stages of scrap melting (а), 

liquid metal bath forming (b) and oxidative refining (c) 

Рис. 2. Изменение динамических характеристик цепи 
с электрической дугой на стадиях плавления лома (а), 

горения дуги на ванну жидкого металла (b) 
и окислительного рафинирования (c)

to the steelmaker on changing the electric mode settings, 
switching the voltage tap, and making decisions about 
turning off the furnace for loading the second batch or 
starting the oxidation stage of the process.

Timely decision-making will reduce the melting time 
and specific energy consumption (SEC). It is also noted 
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that there is a delay in voltage stabilization on the first 
phase. Due to the asymmetry of the arc power, the insta-
bility indicator reaches values characteristic of the other 
electrodes only after a few minutes. To compensate for 
the energy deficit and accelerate the melting process, it is 
necessary to increase the gas consumption in the burners 
operating in the area of the lagging phase.

Regarding the development of the digital twin for 
the electric mode control subsystem, its simplified sche-
matic can be presented in Fig. 4. 

According to this scheme, signals of phase vol-
tage and currents in the electrodes (or, in the presence 
of Rogowski coils, the derivatives of the current) from 
each phase are fed into the subsystem. They are nor-
malized, digitized using an analog-to-digital converter, 
subjected to discrete Fourier transform (DFT) with sub-
sequent determination of the arc instability index, and 
processed using the dynamic VAC characteristic method. 
The output characteristics – arc power and instability 
index – are sent to the mode asymmetry determination 
block and directly to the advisory block for the technolo-
gist. The advice formed based on the state of the object 
includes recommendations for the operator on applying 

specific control actions, such as changing the voltage tap, 
adjusting current setpoints (conductance or phase impe-
dance), or altering gas flow intensity.

Regulating the electric mode is an important but 
not the primary task in managing the steelmaking pro-
cess. The quality of the produced steel has always been 
the highest priority among the main production goals. 
With the continuously decreasing quality of scrap metal, 
its importance only increases.

The quality of the steel produced in heavy-duty fur-
naces largely depends on the oxidation period during 
melting. This period also impacts the energy efficiency 
of the process, particularly the specific energy consump-
tion (SEC) and the furnace operating time. An under-oxi-
dized alloy increases the phosphorus content in the final 
product, while excessive oxidation leads to higher con-
sumption of ferroalloys during the ladle furnace treatment 
stage, extending this stage and increasing both oxygen 
and specific energy consumption. Therefore, continu-
ous monitoring of the oxidation degree of the metal melt 
during the refining period is crucial for effective process 
management.

In practice, the oxidation of the metal is determined 
episodically (2 – 3 times per melt) using disposable elec-
trochemical probes. Due to the irregularity of measure-
ments and frequent probe failures, this control method can 
be considered as an estimate and not meeting the needs 
of operational control. Hence, an alternative method 
based on measuring an electrical parameter closely 
related to the oxidation of the metal is required [24; 25].

This parameter is the constant component of the arc 
voltage (CCAV), which arises in AC circuits due 
to the difference in thermionic emission currents from 
electrodes of different chemical compositions [26 – 29]. 
The thermionic emission current density is described 
by the Richardson-Dushman equation

       (2)

where А is the emission constant; φe is the work func-
tion of the electron; k is the Boltzmann constant, and Т is 
the absolute temperature.

As the equation suggests, the difference in emission 
currents is influenced by two factors: temperature and 
chemical composition. Since the electrode temperatures 
are limited by the sublimation of graphite and the evap-
oration of iron, the chemical factor – the difference in 
electron work functions – exerts the greatest influence on 
the current difference, especially since this parameter is 
in the exponent. Impurities significantly affect the work 
function. While the chemical composition of graphite 
does not change during melting, the metal melt always 
contains impurities whose concentrations vary. Thus, 

Fig. 3. Changes in arc instability index during melting

Рис. 3. Изменения показателя нестабильности дуги в ходе плавки

Fig. 4. Simplified block diagram of a digital twin of electrical mode 
control subsystem in the “Advice to the technologist” function

Рис. 4. Упрощенная блок-схема цифрового двойника подсистемы 
управления электрическим режимом в функции «Совет технологу»
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during the oxidation stage, changes in the CCAV will 
most often be related to changes in the melt composition.

The refining stage of steel melting is organized such 
that after the melting of the scrap, slag-forming mate-
rials and a reductant, in the form of coke or anthracite, 
are added to the furnace. Coke is used to promote slag 
foaming. The dissolution of carbon in the liquid metal 
increases the work function of electrons from the melt, 
thereby reducing the CCAV. Conversely, saturating 
the melt with oxygen increases the CCAV.

Thus, continuous monitoring of the CCAV during 
the oxidation period allows for real-time assessment 
of the oxidation state of the metal in the furnace bath. 
In works [30 – 32], the authors comprehensively describe 
the methodology for determining oxidation based on 
the CCAV. Here, only a brief description of the algorithm 
for establishing the relationship between these character-
istics is provided, along with the resulting dependence 

of the metal oxidation degree on oxygen consumption 
(Fig. 5). Furthermore, it is shown how this can be used in 
the digital twin technology for the refining stage of steel 
melting in heavy-duty furnaces.

The foundation of the digital twin mathematical model is 
a statistical relationship linking the average values of CCAV 
and metal oxidation. As shown in [31], its graph represents 
a rather broad cloud of points stretched along an upward 
linear trend. The correlation coefficient of this relationship 
is low, not exceeding 0.5. Nevertheless, this approximation 
is used in the model as a static characte ristic, serving as an 
initial approximation for the desired relationship.

The dependence shown in Fig. 5 initially represented 
a time series that was smoothed using a moving ave rage 
filter, reflecting changes in CCAV during the oxidation 
stage of the process and approximated by an exponen-
tial function (Exp). Based on the exponential nature 
of the alloy decarburization process and the linearity 
of the oxidation process, we use linear approximations 
of the final segments to derive the function [O] = f (  ) 
from the initial Exp characteristic. By accounting for 
changes in the oxygen lance parameters, the time axis is 
transformed into an oxygen consumption axis.

Individual points on the graph represent the oxidation 
values of the melt obtained using electrochemical sen-
sors. It is evident that these points, while qualitatively 
mirroring the characteristic jump, lay significantly higher 
than the initial Exp curve. However, after the transfor-
mations, they nearly matched the corrected function 
[O] = f (  ). The block diagram of the digital twin for 
metal oxidation control and oxygen lance regulation is 
presented in Fig. 6.

The digital twin receives electrical signals from all 
phases (instantaneous values), the oxygen consumption 
rate at the burners, time, and the mass of corrective charge 

Fig. 5. Dependence of metal oxidation degree on oxygen consumption 
at refining stage

Рис. 5. Зависимость степени окисления металлического расплава 
от расхода кислорода на стадии рафинирования

Fig. 6. Simplified block diagram of a digital twin for regulating the oxidative stage parameters: 
u(t); i(t) – input electrical signals of phase voltages and electrode currents; (t) – oxygen consumption; 

CaO, MgO, CaF2 – magnesia-lime additives; fluorspar; DB – database

Рис. 6. Упрощенная блок-схема цифрового двойника регулирования параметров окислительной стадии процесса: 
u(t); i(t) – входные электрические сигналы фазных напряжений и токов электродов; (t) – расход кислорода; 

CaO, MgO, CaF2 – магнезиально-известковые добавки, плавиковый шпат; DB – база данных
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materials. The algorithm determines the oxidation level 
of the melt, checks if the current value meets the setpoint, 
and provides advice to the operator, who then decides on 
the control actions to take. Simultaneously, the information 
is recorded in a database for further statistical processing 
to refine the algorithm’s adjustable parameters. The param-
eter settings should be adapted to the specific unit, consider-
ing the quality of the raw materials, furnace characteristics, 
the nature and magnitude of the response to control actions, 
and possibly the grade of the product being produced.

 Conclusions

Effective management of the electric mode requires a 
broader approach than simply ensuring the reliable opera-
tion of the power regulator at set voltage taps and control 
parameter setpoints. Issues such as phase and arc active 
power asymmetry, which remain unresolved even with 
modern regulators, can be effectively addressed using 
a digital twin of the electric mode control subsystem. This 
will significantly expand both the range of controllable 
parameters and the functional capabilities of the control 
system.

The most rational way to monitor and regulate the oxi-
dation stage of the steel semi-product melting process is 
by using a digital twin based on the relationship between 
metal oxidation and the constant component of the arc 
voltage, as well as analyzing its dependence on oxygen 
consumption by the gas burners. This approach, com-
bined with the accumulation and systematization of sta-
tistical information in a database, will significantly reduce 
the system’s adaptation time to a specific unit.

Digital twin technology is still a new and continuously 
evolving field in process and equipment management 
within the metallurgical complex. Its potential for saving 
material and energy resources and improving the tech-
nical and economic indicators of production is vast and 
particularly valuable as we transition from automated 
control systems to automatic regulators of technological 
modes and individual units in steelmaking production.
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